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NOTES   OX   THE   POSSTBTTTTY   OF   FISSION   OF   A 
CONTRACTING   ROTATING   FLUID   MASS' 

By  F.  R.  MOULTON 
I.    INTRODUCTION 

In  the  speculations  on  cosmogony  there  arc  two  fairl\-  definite 
hypotheses  as  to  the  manner  in  which  a  single  body  may  give  rise  to 
two  or  more  distinct  masses  without  the  intervention  of  external 
agencies.  The  tirst,  as  outlined  by  Laplace,  is  that  possibly  a  rotating 
fluid  may  abandon  an  equatorial  ring,  which  will  subsequently  be 
brought  by  its  self-gravitation  into  an  approximately  spherical  mass. 
The  second,  the  fission  theory,  had  its  rise  in  Darwin's  researches  on 
tidal  evolution,  and  in  his  speculations  on  the  origin  of  the  moon. 
It  has  found  extensive  application  in  attempts  at  explaining  the 
great  abundance  of  binary  stars. 

The  hypothesis  of  Laplace  has  the  sup])ort  of  no  observational 
evidence,  unless  we  regard  the  rings  of  Saturn  as  such,  and  rests 
upon  no  well-elaborated  theory.  On  the  contrary  there  are  well- 
known  considerations  of  the  moment  of  momentum  of  our  system 
which  compel  us  to  reject  it  as  being  an  unsatisfactory  hypothesis  for 
the  explanation  of  the  development  of  the  planets.  But  the  fission 
theory  of  Darwin,  even  if  the  origin  of  the  moon  is  left  aside  as  being 
doubtful,  has  strong  claims  for  attention  because  of  its  immediate 
application  to  explaining  the  origin  of  spectroscopic  and  visual 
binaries  and  certain  classes  of  variable  stars.  Besides,  it  is  in  a  general 
way  confirmed  by  the  investigations  of  Maclaurin,  Jacobi,  Thomson, 

'  .\bstract  of  a  paper  published  by  the  Carnegie  Institution. 
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Poincard,  and  Darwin  on  the  figures  of  equilibrium  of  rotating 
homogeneous  fluids,  and  on  their  stabilities.  Tn  particular,  consider- 
ing a  series  of  homogeneous  fluid  masses  of  the  same  density  but  of 
different  rates  of  rotation,  it  is  shown  that  there  is  a  continuous  series 
of  figures  of  stable  equilibrium  beginning  with  the  sphere  for  zero  rate 
of  rotation;  then,  with  increasing  rotation,  passing  along  a  line  of 
oblate  spheroids  until  a  certain  rate  of  rotation  is  reached;  then,  with 
decreasing  rate  of  rotation  but  with  increasing  moment  of  momentum, 
branching  to  a  scries  of  ellipsoids  wath  three  uncciual  axes,  and  con- 
tinuing until  a  certain  elongation  is  reached;  and  finally,  at  this 
point,  branching  to  a  series  of  so-called  pear-shaped  figures.  It  has 
been  conjectured  that  if  it  were  possible  to  follow  the  pear-shaped 
figures  sufliciently  far,  it  would  be  found  that  they  would  eventually 
reach  a  point  where  they  would  separate  into  two  distinct  masses. 
From  this  line  of  reasoning  it  has  been  regarded  as  probable  that 
celestial  masses,  through  loss  of  heat  and  consequent  contraction,  do 
break  up  in  this  way  often  enough  to  make  the  process  an  important 
one  in  cosmogony. 

Aside  from  the  unanswered  question  as  to  what  form  the  pear- 
shaped  figures  finally  lead,  there  are  two  reasons  for  being  cautious 
in  accepting  the  conclusions.  One  is  that  the  celestial  masses  are 
by  no  means  homogeneous.  When  they  have  reached,  or  are  in, 
that  condition  of  steady  motion  of  slow  rotation  postulated  in  the 
investigation,  they  are  undoubtedly  always  strongly  condensed 
toward  their  centers.  The  other,  and  probably  more  important,  one 
is  that  isolated  celestial  masses  do  not  change  their  rates  of  rotation 
except  when  they  change  their  densities  or  distribution  of  densities. 
While  the  theoretical  discussions  to  which  reference  has  been  made 
regard  the  rate  of  rotation  as  the  single  variable  parameter,  in  the 
actual  case  there  is  a  corresponding  change  in  density.  The  impor- 
tance of  not  neglecting  the  latter  is  easily  seen. 

Consider  a  slowly  rotating  homogeneous  fluid  having  the  form  of 
a  nearly  spherical  oblate  spheroid.     The  eccentricity  of  a  meridian 

to' 

section  depends  upon  the  quantity  — r^  ,  where  oo  is  the  angular 

rate  of  rotation,  k'  the  gravitational  constant,  and  a-  the  density  of 
the  mass.     The  cccentricitv  of  the  axial  section  increases  with  \he 
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increase  of  this  function  i)rovi(led  it  does  not  go  beyond  a  certain 
maximum.  Now  supj)osc  the  mass  contracts  in  such  a  way  as  to 
remain  homogeneous  throughout,  and  so  that  it  continues  to  rotate  as 
a  solid  spheroid  of  equihbrium.  Because  the  moment  of  momentum 
of  an  isolated  mass  is  constant,  the  contraction  implies  an  increase  in 
G),  and  therefore,  so  far  as  this  factor  alone  is  concerned,  an  increase  in 
the  oblateness  of  the  mass.  But  the  contraction  also  implies  an 
increase  in  o",  and  therefore,  so  far  as  this  factor  alone  is  concerned,  a 
decrease  in  the  oblateness  of  the  mass.  That  is,  keeping  the  moment 
of  momentum  constant,  as  the  dynamical  situation  requires,  we  find 
the  eccentricity  acted  upon  by  two  opposing  factors.  If,  under  the 
influence  of  these  factors,  the  figures  should  become  less  oblate, 
the  fission  theory  would  get  no  support  from  the  discussion;  if  it 
should  get  more  oblate,  the  question  is  at  what  rate  the  mass  must 
rotate,  and  to  what  extent  the  contraction  must  proceed  before  there 
is  a  possibility  of  fission.  This  paper  is  devoted  to  a  brief  discussion 
of  these  questions. 

II.      THE   ELLIPSOIDAL   FIGURES   OF   EQUILIBRIUM   OF   ROTATING 
HOMOGENEOUS   FLUIDS 

For  the  applications  which  follow  it  will  be  necessary  to  review 
briefly  the  facts  regarding  the  spheroidal  and  ellipsoidal  figures  of 
equilibrium  and  their  conditions  of  stability. 

Maclaurin'  has  shown  that  for  very  small  values  of  — r—     there 

are  two  elhpsoids  of  revolution  which  are  figures  of  equilibrium, 
one  of  them  being  nearly  spherical,  and  the  other  very  oblate,  the 
Umits  for  <u  =  o  being  respectively  the  sphere  and  infinite  plane.  For 
greater  values  of  this  quantity,  the  figure  corresponding  to  the 
former  is  more  oblate  and  that  corresponding  to  the  latter  is  less 

oblate.   For  — r— =  0.22467.  .  .  .  the  two  figures  are  identical.     For 

— -, —  >o. 22467  ....  there  is  no  ellipsoid  of  revolution  which  is  a 
figure  of  equilibrium. 

Jacobi  has  shown'    that    if  — r^<  0.18709  ....  there    is    an 

'  Treatise  on  Fluxions,  Edinburgh,  1742. 
2  Letter  to  French  Academy,  1834. 
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ellipsoid  of  three  unequal  axes  satisfying  the  conditions  for  equilib- 
rium. When  this  quantity  is  very  small  the  axis  of  rotation  and 
one  other  are  very  small  and  nearly  equal  to  each  other,  while  the 
third  is  relatively  very  long.  With  greater  values  of  this  quantity 
the  shorter  axes  are  longer,  and  the  longest  axis  is  shorter.     For 

— rr  =°- 18709  ....  the  ligure  becomes  an  ellipsoid  of  revolution 

and  is  identical  with  the  more  nearly  spherical  Maclaurin  spheroid. 

For   — -, —  >o.  18700  ....  the    Tacoljian   ellipsoids   of  equilibrium 

do  not  exist. 

In   the   case  of  the   jMaclaurin   spheroids   the  relation   between 

— r^  and  the  eccentricity,  e,  of  an  axial  section  is  given  by  the  well- 
known  equation' 

(  ,       ,  ,tan-'X 


2TTk^(T        /V     ) 


(3+^^)-^ 3     •  (i) 


III.    poiNC are's  theorems  respecting  forms  of  bifurcation 

AND   EXCHANGE   OF   STABILITIES 

In  a  memoir^  remarkable  for  its  powerful  methods  and  important 
results,  Poincare  has  proved  the  existence  of  an  infinite  number  of 
other  forms  of  equilibrium.  Considering  the  equations  for  equilib- 
rium as  functions  of  the  parameter  &),  he  showed  that  for  an  infinite 
number  of  values  of  (o  other  series  of  forms  branch  both  from  the 
Maclaurin  spheroids  and  from  the  Jacobian  ellipsoids.  A  form  at 
which  two  series  cross  he  called  a  jorm  oj  bifurcaiion,  and  a  form  at 
which  two  scries  unite  and  disap])car,  a  //;»//  form.  Starting  with 
the  nearly  spherical  oblate  spheroid  for  small  values  of  &>  and  following 
this  series  of  forms  for  increasing  o),  he  found  tliat  the  llrst  form  of 
bifurcation  is  that  for  which  the  Jacobian  ellipsoids  branch.  Following 
along  the  Jacobian  ellipsoids,  he  found  that  the  first  form  of  bifur- 
cation is  that  for  which  the  so-called  i)ear-shai)ed  figures  branch. 

Poincare  ])roved  that  if  two  real  series  of  figures  of  eciuilibrium, 
A  and  R,  cross,  and  if  before  crossing  A  is  stable  and  R  unstable,  then 

'  Tisscrand,  Mecaniqiie  celeste,  2,  chap.  vi. 

>  "Sur  I'etjuilihrc  (i'unc  masse  fluide  animt-f  d'un  iiiuuvi'imMU  dc  rotation," 
Acta  Mdthrmatica,  7,  259-380,  1885. 
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after  crossing  A  is  unstable  and  H  has  at  least  one  clcgrce  less  of 
instability.  Starting  with  the  nearly  spherical  oblate  spheroids,  he 
proved  that  they  are  absolutely  stable,  and  that  they  remain  abso- 
lutely stable  until  the  Jacobian  ellipsoids  branch.  At  this  ])()int  they 
become  unstable  and  the  branching  Jacobian  ellijjsoids  are  stable. 
These  latter  figures  remain  stable  until  the  pear-shai)ed  figures 
branch,  where  they  lose  their  stability.  Darwin  concluded  from  a 
computation  of  the  first  terms  of  an  infinite  series"  that  the  pear-shaped 
figure  is  stable.  On  the  other  hand  LiapounofT  asserts^  it  is  unstable. 
If  it  is  stable,  apparently  the  mass  proceeds  at  least  somewhat  farther 
toward  fission  into  two  bodies;  if  it  is  unstable,  apparently  this  sort  of 
fission  is  impossible,  for  when  instability  occurs  the  mass  will  undergo 
great  changes  of  form  and  possibly  lose  its  continuity  if  subject  to  the 
slightest  disturbance.  The  conclusion  that  stability  fails  before  fission 
is  attained  is  strongly  supported  by  Darwin's  investigations  on  the 
stability  of  a  liquid  satellite,^  in  which  he  found  that  a  satellite 
loses  its  stability  before  it  can  be  brought  near  enough  to  its  primary 
to  coalesce  with  it. 

This  lengthy  review  of  the  case  of  homogeneous  fluids  has  been 
given  to  show  (i)  that  there  is  no  possibility  of  fission  before  the  pear- 
shaped  figure  is  reached;  (2)  that  in  this  simplest  of  all  cases  there 
is  not  only  no  proof  that  fission  into  two  stable  masses  can  ever  take 
place,  but  that  the  results  reached  up  to  the  present  point  strongly  to 
the  opposite  conclusion;  and  (3)  that  it  may  be  a  guide  in  the  more 
complicated  case  of  heterogeneous  compressible  masses. 

IV.      FIGURES  OF  EQUILIBRIUM  OF  ROTATING  HETEROGENEOUS  FLUIDS 

We  now  enter  a  field  beset  with  formidable  difficulties  and  in 
which  there  are  but  few  positive  results.  We  shall  consider  only 
those  forms  of  equilibrium  which  are  roughly  spherical  in  form  and 
which  have  central  condensation.  The  theory  of  Clairaut-*  shows 
that  for  a  given  rate  of  rotation  and  mean  density  such  bodies  are 
more  nearly  spherical  than  they  would  be  if  they  were  homogeneous. 

»  "The  Stability  of  the  Pear-shaped  Figure  of  Equilibrium  of  a  Rotating  Mass 
of  Liquid,"  Phil.  Trans.,  A,  200,  251-314,  1903. 

a  Acad.  Imp.  des  Sci.  de  St.  Peter sbourg,  17,  Xo.  3,  1905. 

3  Phil.  Trans.,  .\,  206,  161-248,  1906. 

♦  See  Tisserand,  Mecanique  celeste,  2,  chap.  xiii. 
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The  existence  of  the  sun  and  planets  proves  their  stability,  and  obser- 
vations show  that  they  are  actually  considerably  less  oblate  than  the 
corresponding  homogeneous  masses  would  be  with  the  same  rates 
of  rotation.  The  following  table  gives  for  the  earth,  Jupiter,  and 
Saturn  the  computed  eccentricities  of  axial  sections  found  from  equa- 
tion (i)  and  the  observed. 


Eccentricity  If 
Homogeneous 

Observed 
Eccentricity 

Earth 

0.096 
.461 
.607 

0.083 
■  '?47 

Jupiter 

Saturn 

.409 

With  changing  rates  of  rotation  the  heterogeneous  masses  go 
through  series  of  forms  of  equilibrium  analogous  to  these  for  homo- 
geneous bodies,  and  Poincare's  theorems  regarding  forms  of  bifurca- 
tion and  exchange  of  stabilities  still  hold. 

It  is  very  probable  that  the  central  condensation  and  resulting 
nearer  approach  to  sphericity  tends  toward  stability.  But  the  actual 
celestial  bodies  are  composed  of  compressible  fluids,  and  as  Jeans  has 
shown,'  at  least  in  certain  cases,  the  compressibiUty  lends  toward 
instabihty.  Thus,  as  compared  with  the  ideal  homogeneous  masses, 
the  stabihties  of  the  actual  masses  are  subject  to  two  opposing  factors. 
There  are  at  present  no  quantitative  results  by  means  of  which  we  may 
exactly  measure  their  relative  efifects;  but  it  is  certain  that  there  is 
no  danger  of  fission  until  the  compressible  masses  have  become  more 
oblate  than  those  we  actually  fmd  in  our  system.  For  purposes  of 
safety,  when  we  are  comparing  heterogeneous  masses  with  homo- 
geneous ones,  we  shall  conclude  there  is  possibility  of  fission  in  the 
former  only  when  the  latter  are  very  far  removed  from  all  possibility 
of  fission.  Even  if  some  danger  as  to  the  results  should  still  remain, 
we  are  in  the  realm  of  practical  certainty  when  we  compare  hypotheti- 
cal masses  with  the  actual  forms  given  by  observations. 

V.      THE   CONDITIONS   OF   EQUILIBRIUM    FOR   CONSTANT   MOMENT 
OF   MOMENTUM 

In  the  mathematical  treatments  of  figures  of  cfiuilibrium  the  rate 
of  rotation,  &>,  is  supposed  to  vary  while  all  the  other  factors  remain 

«  Phil.  Trans.,  A,  201,  157-184,  1903. 
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the  same.  In  the  actual  i)hysical  problem  as  the  body  condenses  the 
density,  rate  of  rotation,  and  shai)e  must  always  be  related  so  that  the 
moment  of  momentum  shall  remain  constant.  We  shall  imi)ose  this 
condition.     Let  m  represent  the  mass  of  the  i>odv  in  question,  a  its 

axial  radius,  <t  its  density,  w  its  rate  of   rotation,   g=     — =  the 

eccentricity  of  an  axial  section,  and  M  its  moment  of  momentum. 
Then  we  have 

Eliminating  a  and  w  from  (i)  by  means  of  these  equations  we  have 

When  the  figure  of  equilibrium  is  on  the  oblate  spheroid  series  its 
density  and  oblateness  must  always  satisfy  this  relation.  It  is  easily 
shown  that  when  the  mass  and  moment  of  momentum  are  given,  there 
is  but  one  value  of  the  density  possible  for  a  given  oblateness,  and  but 
one  oblateness  possible  for  a  given  density.  In  particular,  in  any 
special  case,  equation  (3)  enables  us  to  compute  the  density  for  which 
the  Jacobian  ellipsoids  branch.  In  the  homogeneous  bodies  there 
is  no  possibility  of  fission  until  long  after  these  figures  branch.  At  the 
time  of  branching  the  axial  section  of  the  spheroid  has  an  eccentricity 
of  0.813;  and  when  the  Jacobian  ellipsoid  branches  into  the  pear- 
shaped  figure  the  eccentricity  of  the  section  through  its  longest  axis 
and  axis  of  rotation  is  0.94,  while  the  axial  section  at  right  angles  to 
this  is  nearly  circular.  Because  of  its  great  elongation  the  figure 
which  branches  from  it  might  better  at  first  be  called  cucumber- 
shaped  rather  than  pear-shaped. 

In  applying  (3)  we  shall  assume  generally  that  an  actual  celestial 
body  will  not  suffer  fission  or  become  unstable  until  the  corresix)nd- 
ing  homogeneous  body,  i.  e.,  a  body  having  the  same  mass  and  moment 
of  momentum,  shall  at  least  have  reached  the  stage  where  the  Jacobian 
ellipsoid  branches.  Though  this  is  a  very  conser%ative  assumption, 
we  shall  in  some  instances  use  the  present  oblateness  of  Saturn  as 
the  limit  within  which  fission  is  certainly  impossible  and  stability 
assured. 
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VI.      APPLICATIONS   TO   THE   SOLAR   SYSTEM 

Let  US  first  consider  the  sun  and  find  whether,  under  cooling  and 
contraction,  it  can  ever  spHt  into  a  binary  star.  Equation  (3)  shows 
that  the  greater  M  the  smaller  the  density  for  which  fission  will  occur. 
Consequently  we  shall  favor  the  conclusion  of  ultimate  fission  if  we 
introduce  simplifying  aj^proximations  so  as  to  get  the  computed 
value  of  M  larger  than  its  true  value.  The  moment  of  momentum 
is  most  easily  computed  if  we  assume  that  the  sun  is  homogeneous, 
and  since  it  is  undoubtedly  densest  in  the  central  part  this  assumption 
will  give  us  a  value  of  M  in  excess  of  its  true  value. 

Taking  the  mean  solar  day,  the  mean  distance  from  the  earth  to 
the  sun,  and  the  mass  of  the  sun  as  the  units  of  time,  length,  and 
mass  respectively,  we  find  for  the  density  of  water  cr=  1,567,500,  and 
that  for  the  sun  3/=2i6X  io~^.  The  ellipsoids  branch  for  /  =  1.395. 
Applying  equation  (3),  we  find  that  the  sun  cannot  arrive  at  the  stage 
where  the  Jacobian  elHpsoids  branch  in  the  corresponding  homogeneous 
mass  until  its  density  shall  become  307X10"  on  the  water  standard. 
This  corresponds  to  an  equatorial  diameter  of  22  miles  {t,^  km). 
This  inconceivable  density,  which  is  thousands  of  millions  of  times 
greater  than  matter  is  supposed  ever  to  attain,  means  that  the  sun 
will  never  arrive  at  this  stage.  By  a  similar  computation  we  find  that 
the  sun  will  not  become  so  oblate  as  Saturn  is  now  until  its  density 
shall  become  148X10'°  on  the  water  standard.  Its  corresponding 
equatorial  diameter  is  75  miles  (120  km).  This  means  that  the  sun 
will  alwavs  be  less  oblate  and  more  stable  than  Saturn  is  now,  and 
that  it  will  never  give  rise  to  a  binary  star  by  fission.  All  of  this  is,  of 
course,  under  the  hypothesis  that  the  sun  never  will  come  under  the 
influence  of  powerful  external  disturbances,  such  as  would  operate 
upon  it  if  it  should  pass  near  another  star. 

Apparently  Saturn  is  more  apt  to  sutler  fission  than  any  other 
member  of  our  system.  Taking  its  mass  and  period  of  rotation  as 
^5^,2  and  10.25  hours,  respectively,  we  find  by  a  similar  computation 
that  Saturn  will  not  pass  beyond  limits  of  safety  defined  above  until 
its  density  shall  become  21  times  that  of  water.  For  this  figure  its 
polar  and  equatorial  diameters  are  16,500  and  28,400  miles  (26,600 
and  45,700  km),  respectively.  The  high  mean  density  demanded,  28 
times  that  at  present,  seems  to  be  fatal  to  the  hypothesis  that  Saturn 
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will  ever  sulTtT  fission.  \Vc  find  lluU  iht-  density  will  Ik-  i)T,  timi-s  that 
of  water  when  the  j)ear-shape(l  fij^'ures  branch. 

F'rom  this  we  see  that  no  member  of  the  solar  system  will  ever 
sulTer  t"ission  in  llie  future.  Hul  tin-  phim-ts  may  have  orif^inated  bv 
fission  from  a  parent  nebula,  or  the  moon  from  the  earth  in  an  early 
state.  A  (|uantitative  examination  of  the  formulas  shows  that  the 
latter  is  the  more  favorable  to  the  conclusion  of  fission.  Hence  we 
shall  examine  it. 

We  observe  first  that  the  moment  of  momentum  of  the  earth  moon 
system  has  remained  constant  except  for  outside  intluences.  There 
is  none  readily  assignable  which  could  have  increased  it.  Among 
those  which  may  have  decreased  it,  apj^arently  solar  tidal  friction  is 
the  only  one  which  can  have  produced  sensible  results.  In  a  paper 
now  being  published  by  the  Carnegie  Institution  the  writer  has  com- 
puted the  maximum  effects  the  sun  can  have  had  in  this  direction  in 
any  time  however  long.  Using  these  results,  making  simplifving 
approximations  so  as  to  get  too  large  a  value  for  M,  then  adding  25 
per  cent,  of  the  computed  value  as  insurance  against  the  possible 
effects  of  unknown  disturbing  forces  which  may  have  been  acting 
on  it,  it  is  found  that  in  the  units  defined  above  M=io"'^.  In  the 
same  units  the  mass  of  the  earth-moon  system  is3Xio~^  With 
these  values  we  find  from  equation  (3)  that  this  hypothetical  earth- 
moon  mass  would  not  pass  the  limits  within  which  there  can  be  no 
fission  until  its  mean  density  had  become  215  on  the  water  stand- 
ard, or  40  times  the  present  mean  density  of  the  system.  It 
would  not  even  become  so  oblate  as  Saturn  is  now  until  its  density  had 
become  10.4  times  that  of  water.  Consequently  we  conclude  that 
the  moon  and  earth  have  not  originated  by  fission  from  a  common 
parent  mass.  In  the  paper  just  referred  to,  the  same  conclusion  was 
reached  by  following  backward  in  time  the  effects  of  the  mutual  tides 
of  the  system. 

VII.      APPLICATIONS   TO   BINARY   STARS 

Binary  stars  are  relatively  so  numerous  that  their  evolution  is 
obviously  a  standard  celestial  process.  We  are  raising  the  question 
whether  the  process  is  that  of  fission.  Unfortunately  the  data  at 
our  disposal  in  treating  these  systems  are  so  incomplete  that  our 
conclusions  arc  not  as  final  as  we  should  desire. 
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Before  taking  up  explicitly  the  question  of  fission,  we  shall  write 
down  some  relations  which  must  be  satisfied.  Consider  a  spectro- 
scopic binary  in  wliich  the  lines  of  both  stars  are  visible.  For  present 
purposes  it  will  be  sufficiently  accurate  to  assume  that  the  orbits  are 
circular.  Let  i  be  the  complement  of  the  inclination  of  the  plane  of 
the  orbit  to  the  line  of  sight.  Let  v  be  the  maximum  observed  relative 
radial  velocity  expressed  in  kilometers  per  second,  and  P  the  period 
expressed  in  mean  solar  days.  Then  the  sum  of  the  masses  expressed 
in  terms  of  the  sun's  mass  must  satisfy  the  relation 

ii?>Pvi  _i78„  ,  . 

IO**C0S3  *        lO** 

Suppose  the  spectrum  of  nii  alone  is  visible  and  let  Vi  be  the 
maximum  observed  radial  velocity  with  respect  to  the  center  of 

gravity  of  the  system  expressed  in  kilometers  per  second.     Let  At= — , 

the  ratio  of  the  mass  of  the  bright  star  to  that  of  the  dark.    Then 

io**cos3j  10** 

Suppose  the  two  stars  have  the  same  density  cr.  Let  a  represent 
the  distance  between  their  centers  and  ica  the  distance  between  their 
surfaces.  When  P  is  expressed  in  mean  solar  days  we  have  in  terms 
of  the  density  of  water 

2  (l+/aJ)3 


100(1 -/C)3P2  {l-\-fl) 


(6) 


Or,  since  this  is  a  reciprocal  equation  in  /t^  whose  right  member  has  a 
maximum  for  ft  =  i , 


ioo(i-k)3P»—   — ioo(i-K)3pa  • 


(7) 


When  K  =  o  the  bodies  are  in  contact  and  this  is  probably  an  un- 
stable condition.  From  Darwin's  work  on  the  homogeneous  satellite 
{loc.  cit.)  it  seems  probable  that  the  smallest  value  k  can  have  is  about 
J.     Taking  this  limit  wc  have 
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This  formula  can  lead  to  little  definite  information  except  in  the  case 
of  ven-  shorl-periotl  binaries.  For  example,  in  the  case  of  ff  Crpliei, 
whose  period  is  4.57  hours,'  we  fmd  from  this  relation  that  o-=i.86 
on  the  water  standard. 

Now  let  us  return  to  the  question  of  tission  of  binary  stars.  Denot- 
ing the  periods  of  rotation  of  w,  and  m^  by  Z),  and  D,,  their  radii  by 
a,  and  a,,  and  assuming  that  they  rotate  in  the  direction  of  their 
revolution,  the  moment  of  momentum  of  the  system  is 

The  assumption  of  forward  rotation  of  both  masses  made  in  writing 
this  equation  is  allowable  in  testing  the  fission  thcor)-,  for  rotation  in 
this  direction  would  be  a  consequence  of  fission.     Consequently 

^^>7 — w \ u-  (10) 

(27r)5(w,+;;/j)i 

The  more  nearly  equal  the  two  masses  are,  the  more  nearly  is  this  in- 
equality an  equality  for  given  values  of  Di  and  D^. 

Let  — ^  =  ft  .     Then  (10)  and  (3)  give 


w. 


i.6(37r)J(i+^4     (i+A-)?  S       ,  x,tan-'A         / 

Let  us  suppose  that  the  two  stars  are  equal,  i.  e.,  that  At=  i,  as  is 

certainly  approximately  true  in  many  binary  systems.     Let  us  assume 

that  fission  will  occur  at  those  figures  for  which  the  corresi)onding 

homogeneous  masses  branch  into  the  Jacobian  ellipsoids.     Then  the 

density  at  the  time  of  fission  on  the  water  standard  must  satisfy  the 

relation 

0.016  ,    . 

where  P  must  be  expressed  in  mean  solar  days.  If  fission  should 
occur  only  when  the  pear-shaped  figures  begin  in  the  corresponding 
homogeneous  masses,  we  should  have  instead  of  (12) 

'Frost,  Aslrophysical  Journal,  24,  259-262,  1906. 
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It  is  obvious  from  these  relations  that  in  all  visual  binaries  in  which 
the  periods  arc  at  least  several  years  the  fission  must  have  taken 
place,  if  at  all,  while  the  star  was  yet  in  the  nebulous  stage.  For 
example,  the  period  of  a  Centauri  is  about  8i  years,  and  formula  (12) 
gives  for  the  density  of  this  star,  on  the  water  standard,  at  the  time 
of  possible  fission  o"< 2 X  io~".  These  results  indicate  only  the  order 
of  magnitude.  It  is  significant  that  they  agree  with  those  found  in 
the  paper  on  tides  mentioned  above.  In  that  paper  it  was  sho^vn  that 
in  the  case  of  a  binar}'  of  two  equal  masses  originating  by  fission  it  is 
not  possible  for  tides  to  more  than  double  their  initial  distance,  and 
hence  that  in  such  binary  systems  the  initial  distances  of  the  two  com- 
ponents cannot  have  been  less  than  half  their  present  distances. 

VIII.      CONCLUSIONS 

Notwithstanding  the  lack  of  numerical  precision  because  of  the 
great  dift'iculties  of  the  actual  problem  in  nature,  we  are  justified  in 
concluding  that  there  has  been  in  the  solar  system  no  example  of  the 
type  of  fission  under  consideration  here,  and  that  there  will  be  none  in 
the  future.  In  the  case  of  the  binar}-  systems  the  only  conclusion 
reached  is  that  in  systems  made  up  of  approximately  equal  pairs  and 
in  which  the  periods  are  at  least  several  years,  fission  has  taken  ])lace, 
if  at  all,  while  the  mass  was  yet  in  the  nebulous  state.  It  is  not 
intended  to  afiirm  that  any  evidence  has  been  brought  forward  that 
fission  ever  occurs.  It  seems  to  the  wTiter  that  in  masses  with  den- 
sities decreasing  outward  from  their  centers,  such  as  those  treated 
here,  fission  into  two  stable  masses  is  extremely  improbable.  For, 
suppose  a  nebula  of  this  type  sulTers  fission.  At  the  moment  of 
separation  each  of  the  two  parts  will  be  rotating  with  the  same  angular 
speed  that  the  united  mass  had  just  previous  to  the  splitting.  One 
of  these  two  parts  will  have  a  density  not  greater  than  that  of  the 
original  mass  and,  therefore,  will  have  at  least  as  great  a  tendency 
to  undergo  fission  again,  unless  either  it  is  in  a  more  stable  form  or  the 
tides  of  the  other  mass  tend  to  keej^  it  from  breaking  uj).  If  the 
approximate  spheroid  is  the  most  stable  figure  of  equilibrium,  as  seems 
probaljle,  and  if  the  mass  under  consideration  has  sulTered  fission 
by  evolution  along  this  line  of  figures,  as  is  assumed,  then  the  former 
alternative  is  eliminated.     It  does  not  seem  reasonable  that  tidal 
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forces  due  to  an  exterior  body  eould  tend  to  stal)ility,  and  Darwin's 
computations  confirm  this  intuition.  Besides  all  this,  the  binary 
stars  are  now  bodies  with  considerable  densities.  This  implies 
enormous  contraction  from  the  nebulous  state  which,  as  we  have  seen, 
tends  still  more  toward  fission.  Conse<|Uently,  it  seems  that  if  a 
nebulous  mass  with  central  condensation  such  as  we  are  considering 
once  sutTered  fission,  it  would  break  uj)  into  manv  fragments.  If  this 
view  is  sound  the  binaries  cannot  have  originated  in  this  wav. 

We  may  still  retain  the  hypothesis  that  binaries  and  multiple 
stars  of  several  members  have  developed  from  nebulae,  but  apj)ar- 
ently  they  must  have  had  originally  well-defined  nuclei.  The  {photo- 
graphs of  many  nebulae  supj)ort  this  hy])othesis.  Hul  we  observe 
that  if  we  are  forced  to  this  position  we  do  not  explain  anything — we 
only  push  by  an  assumption  the  problem  of  explaining  the  binary 
systems  a  little  farther  back  into  the  unknown. 

In  terminating  these  remarks  it  should  be  noted  that  in  accordance 
with  present-day  thought  it  has  silently  been  assumed  throughout  that 
the  celestial  evolution  is  from  the  nebulous  state  to  the  stars.  This 
mental  attitude  has  been  brought  about  by  a  century  of  un(|uestion- 
ing  faith  in  the  Laplacian  theory.  There  are  now  abundant  reasons 
for  rejecting  the  Laplacian  hypothesis  as  applied  to  the  solar  system, 
and  it  may  be  the  time  is  ripe  for  a  serious  attempt  to  see  if  the  opposite 
hypothesis  of  the  disintegration  of  matter  because  of  enormous  sub- 
atomic energies,  which  perhaps  are  released  in  the  extremes  of  tem- 
perature and  pressure  existing  in  the  interior  of  suns,  and  of  its  disper- 
sion in  space  along  coronal  streamers  or  otherwise,  cannot  be  made 
to  satisfy  equally  well  all  known  phenomena.  The  existence  of  such 
a  delinitely  formulated  alternative  hypothesis  would  have  a  very 
salutar)'  effect  on  the  interpretation  of  the  results  of  astronomical 
observations.  We  should  then  more  readily  reach  what  is  jirobably 
a  more  nearly  correct  conclusion,  viz.,  that  both  aggregation  and 
dispersion  of  matter  under  certain  conditions  are  important  modes 
of  evolution,  and  that  possibly  together  they  lead  in  some  way  to 
approximate  cycles  of  an  extent  in  lime  and  space  so  far  not  con- 
templated. 

The  University  of  Chicago 
December  i,  1908 


VERTICAL  TEMPERATURE-GRADIENTS  OF  THE 

ATMOSPHERE,  ESPECIALLY  IN  THE  REGION 

OF  THE  UPPER  INVERSION 

By  W.  J.  HUMPHREYS 
GENERAL   STATEMENT 

The  vertical  temperature-gradients  of  the  atmosphere,  the  con- 
dition and  distribution  of  its  moisture,  the  direction  and  speed  of 
the  winds,  and  other  upper-air  phenomena  have  long  been  objects 
of  investigation.  IMeteorological  stations  located  on  hills  and  on 
plains,  on  mountain  tops  and  in  valleys,  especially  when  near  together, 
have  furnished  and  continue  to  furnish  much  information  both 
valuable  and  interesting.  And  for  many  years  this  has  been  supple- 
mented in  part  by  studies  of  the  heights,  of  the  forms,  and  of  the 
velocities  of  clouds,  and  to  some  extent  by  records  obtained  in  manned 
balloons,  and  still  further  by  the  aid  of  registering  instruments  sent 
up  in  kites.  But  all  the  information  obtained  in  these  several  ways, 
though  of  the  greatest  value  to  the  science  of  metcorolog}-  and  to  the 
art  of  forecasting,  has  thus  far  been  limited  by  the  upper  level  of  the 
cirrus  clouds.  Within  this  region,  however,  observations  soon  made 
it  certain  that  through  a  considerable  distance  next  beyond  three  or 
four  thousand  meters  above  the  surface  of  the  earth,  changes  with 
altitude  are  more  or  less  uniform;  that  in  general  the  moisture  con- 
stantly decreases;  that  the  winds  increase  in  velocity;  and  that  the 
temperature  fall  approaches  the  adiabatic  rate. 

The  conditions  at  higher  altitudes  could  only  be  surmised,  but 
many,  by  the  uncertain  process  of  extrapolation,  assumed  that  the 
temperature  must  continue  to  decrease  at  about  this  same  rate  far  out 
and  until  it  was  as  low  as  adiabatic  expansion  could  make  it;  that 
the  moisture  content  must  gradually  decrease  to  zero;  and  that 
the  winds  in  middle  latitudes  must  remain  easterly  with  speeds 
increasing  with  elevation.  However,  the  splendid  work  with  sound- 
ing balloons  by  Teisscrenc  de  Bort,'  by  Assmann,^  by  Hoormann,^ 

'  Compies  Rettdus,  135,  897, 1902;  138,  42,  1904;  145,  149, 1908;  Quarterly  Journal 
Royal  Meteorological  Society,  July  1908,  p.  189;  also  many  numlx>rs  of  Veroffentlichungen. 
'  Veroffenllichungen  der  Internat.  Kom.  jiir  Wins.  Lujtschiffahrt. 
3  del  el  Terre,  1907-1908;    and  Veroffentlichniigen. 
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by   Rotch,"    by  Pctcval/  and    by    many    otlu-rs    has   shown    these 
assumptions  to  be  radically  wrong. 

BALLOON   RECORi:)S 

During  the  past  ten  years  hundreds  of  sounding  balloons,  e(iuij)ped 
with  suitable  registering  apparatus,  have  been  sent  uj)  under  widely 
different  conditions  to  various  heights;  many  to  fifteen  kilometers,  some 
to  twenty  kilometers,  and  a  few  to  even  higher  levels.  The  records 
represent  llights  by  day  and  Ijy  night  made  in  all  sorts  of  weather  and  in 
every  season  of  the  year;  flights  over  continental,  island,  and  ocean 
regions ;  and  llights  at  difTerent  latitudes  from  the  tropics  to  beyond  the 
arctic  circle;  and  besides,  the  apparatus  used  has  been  by  several 
makers  and  of  ditTerent  design.  In  this  way  disturbances  due  to 
location  and  to  storm  influence  have  been  detected  and  systematic 
instrumental  errors  largely  avoided.  But  the  results  of  all  the  obsei- 
vations  are  in  general  accord,  and  show  that  the  explored  portion  of 
the  atmosphere  consists  of  three  more  or  less  distinct  regions. 

I.  The  region  of  terrestrial  disturbance,  extending  from  the 
ground  to  an  elevation  of,  roughly,  3000  meters  above  its  surface, 
in  which  the  temperature -gradient  usually  is  very-  irregular  and  often 
locally  reversed.  This  is  also  the  principal  region  of  cloud  formation 
and  of  precipitation. 

II.  The  region  of  uniform  changes,  lying,  roughly,  between  the 
upper  limits  of  I  and  the  10,000-metcr  level  above  the  sea,  in  which 
the  temperature-gradient,  nearly  constant,  approaches  the  abiabatic. 
This  region  is  comparatively  free  from  condensation  and  prcci])itation, 
since  it  lies  above  the  average  nimbus  cloud  while  the  cirri  iloat  in  only 
its  topmost  portion.  At  times  it  is  the  seat  of  vertical  convections  of 
varying  extents  and  intensities,  but  its  normal  condition  is  one  of 
stability  as  shown  by  its  usual  freedom  from  clouds,  and  as  necessitated 
by  the  negative  departure  of  its  temperature-gradient  from  the 
adiabatic. 

III.  The  region  of  permanent  inversion,  or  all  that  explored 
portion  above  the  10,000-metcr  level  or  thereabouts.  Here  the 
temperature-gradient  is  small  and  usually  positive,  and  vertical 
convection  therefore  is  always  impossible. 

»  Nature,  78,  7,  1908.  »  Ibid.,  p.  56. 
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In  the  region  of  terrestrial  disturbance,  that  is,  in  the  lower  or 
denser  })ortions  of  the  atmosphere,  the  winds  are  irregular,  and 
commonly  differ  in  both  speed  and  direction  above  and  below  any, 
other  than  a  mere  surface,  inversion.  In  all  essentials  they  are 
chiefly  determined  by  the  locations  and  intensities  of  barometric 
highs  and  lows.  The  highs  and  the  lows  continue  to  play  an  impor- 
tant part,  even  far  up  in  the  region  of  uniform  changes,  but  are  less 
and  less  effective  as  the  elevation  is  increased.  In  the  upper  portion 
of  this  region  the  great  planetary  circulation  mainly  prevails  as  shown 
bv  the  movements  of  the  cirrus  clouds  which  are  near  its  upper  limit. 
It  is  known,  too,  from  the  drifting  of  balloons,  and  from  observation 
on  clouds,  that  in  this  region  the  wind  moves  faster  and  faster  with 
increase  in  elevation,  and  easterly  in  extratropical  countries.  Above 
the  inversion  level  the  velocities  of  the  winds  arc  much  less'  than  they 
are  immediately  below  it.  On  passing  up  from  the  one  region  into 
the  other  this  velocity  usually  is  found  to  drop  by  from  25  to  80  per 
cent.,  and  apparently  the  directions  in  the  two  places  have  but  little 
interdependence.  Besides,  the  air  above  the  place  of  inversion  seems 
always  to  be  excessively  dry-  no  matter  what  the  humidity  may  be  at 
lower  levels. 

The  height,  generally  sharply  delined,  of  the  place  where  the 
upper  inversion  begins,  like  its  temperature,  is  a  function  of  season, 
of  latitude,  of  barometric  pressure,  and  probably  of  still  other  condi- 
tions. It  is  high  up  in  a  well-formed  "high"  and  correspondingly 
low  in  a  "low."  It  is  at  greater  elevations  and  higher  temperatures 
in  summer  than  in  the  winter,  and  descends  with  increase  of  latitude 
from  the  tropic  to  the  polar  regions.  The  higher  it  is  found  above 
the  earth,  season  and  other  things  being  equal,  the  lower  in  general 
is  its  temperature,  and  conversely  the  lower  it  lies,  under  similar 
conditions,  the  warmer  it  is. 

We  therefore  have  two  distinct  atmosj)hcres  that  intermingle  but 
slightly:  a  lower  or  inner  turbulent  one  with  a  large  negati\e  tem- 
perature-gradient, and  an  u])])cr  or  outer  one  with  a  small  positive 
gradient,  floating  on  the  first  like  oil  on  water.  The  lower  contains 
from  two-thirds  to  three-fourths  of  the  entire  mass  of  such  gases 

'  Bassus,  Beitrdge  zur  Physik  tier  jreien  Atmosphiire,  2,  y2,  1908. 
'  Klcinschmidt,  ibid.,  2,  205,  1908. 
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of  the  air  as  oxygen,  nitrogen,  and  all  the  members,  except  helium, 
presumably,  of  the  argon  family;  a  still  greater  pro|)ortion  of  the  car- 
bon dioxide,  and  nearly  all  the  water  vapor.  It  is  warm  in  its  lowest 
portion,  but  cools,  irregularly  at  first  then  rapidly  and  nearly  regularly, 
with  increasing  elevation  to  a  minimum  of  from  —40°  C.  to  —70°  C. 
The  upper  atmosphere  contains  extremely  little  water  vapor,  and 
its  temperature  rises  sometimes  abruptly  at  the  start  and  then  slowly, 
but  usually  slowly  all  the  way  with  elevation  from  the  place  of  inver- 
sion to  an  unknown  temperature  at  a  height  not  yet  reached.  Occa- 
sional observations  indicate  an  isothermal  condition,  and  for  this 
reason  the  outer  atmosphere  is  often  called  the  "isothermal  layer," 
and  a  few  observations  have  shown  even  a  slow  cooling  with  elevation, 
but  both  these  conditions  are  unusual. 

The  region  above  the  upper  inversion  carmot  appreciably  be 
penetrated  by  convection  currents  from  the  air  below,  since  this 
would  cause  a  cooling  by  expansion  of  the  rising  mass  to  a  tempera- 
ture lower  than  that  of  the  surrounding  medium,  so  that  under  the 
same  pressure  or  at  the  same  level  its  density  would  be  greater  than 
that  of  the  adjacent  air;  and  therefore  all  storms,  all  condensation, 
all  abnormal  and  irregular  moisture  distribution,  and  virtually  all 
dust,  except  that  of  meteors  and  of  violent  volcanic  eruptions,  are 
limited  to  the  lower  atmosphere.  The  upper  atmosphere,  floating 
on  the  lower,  will  rise  and  fall  as  a  whole  with  the  latter,  but  with 
more  or  less  mixing  of  the  contiguous  portions  of  the  two.  Upward 
currents  of  air,  when  they  reach  the  inversion  surface,  are  forced  to 
spread  out  under  it  somewhat  as  warm  air  in  a  room  spreads  out  next 
the  ceiling,  since,  as  explained,  they  cannot  rise  any  farther;  and 
doubtless  this  air  carries  with  it  the  moisture  for  the  highest  cirrus 
clouds,  because,  like  the  inversion  layer,  they  approach  nearer  the 
earth  in  colder  regions,  nearer  in  winter  than  in  summer,  and  are 
highest  toward  the  end  of  a  clear  warm  spell  of  weather. 

Much  of  the  above  is  well  illustrated  by  the  temperature-gradient 
curves  of  Fig.  i,  which  is  copied,  with  shght  additions,  i.e.,  curves 
7  to  10,  inclusive,  from  the  Annuaire  meteorolgique  pour  igo8  {Ohser 
vatoire  Royal  de  Belgique). 

The  flights  giving  these  curves  were  made  from  Uccle  near  Brussels, 
only  100  meters  above  sea-level,  and  with  a  number  of  others  made 
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at  other  times  (for  these  include  all  that  were  made  within  the  dates 
given)  have  been  reported  in  detail  by  Hoormann  in  Ciel  ci  Tore. 
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Fig.  I. — Temperature-Gradients. 
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The  following  table  contains  some  of  the  more  imj)ortant  (hila  in 
connection  with  these  ascensions.     The  temperature-gradient  is  for 
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the  region  of  uniform  changes.     The  flight  of  July  2-  la-fffl  two  and  a 
half  hours;   the  others  about  two  hours  each. 
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754  0 

Neutral 
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740.0 

Cyclonic 
Cyclontr 

0.^0 
0.83 
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Serene 
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0.71 

Cun-e  8,  a  straight  line,  gives  the  adiabatic  gradient  for  dr\'  air, 
and  cur\e  7  gives  the  temperature-gradient  for  saturated  air,  both 
starting  at  sea-level  with  a  temperature  of  20°  C.  Cunes  9  and  10 
are  the  same  as  7  and  8,  respectively,  except  that  the  initial  tem- 
perature is  assumed  to  be  9°  C.  Curves  i  to  3,  inclusive,  give  a 
summer  group,  while  5  and  6  represent  \sinter  gradients.  It  will  be 
noticed  at  once,  and  this  is  generally  true,  that  the  winter  curves  have 
a  slop)e  intermediate  between  the  dr\-  adiabatic  and  those  of  summer, 
and  that  the  temperature-gradient  is  distinctly  less  in  summer  than  it 
is  in  \v-inter.  It  %viU  also  be  noticed  that  the  upper  inversion  is  located 
higher  in  sununer  than  in  winter;  that,  of  the  summer  gradients, 
No.  3  had  the  highest  barometer  and  inverted  at  the  greatest  altitude, 
and  that  a  cyclonic  condition,  or  low  barometer,  lowers  the  place 
of  inversion;  further,  that  the  higher  the  inversion,  at  any  season, 
the  less  its  temperature;  and  conversely.  The  place  of  inversion 
usually,  and  in  all  these  cur\-es  except  Xo.  6,  is  rather  sharply  defined. 


THEORY 

Irregularilies  in  the  temperature-gradient  0}  the  Unrer  atmosphere. — 
The  thermal  irregularities  and  local  inversions  of  the  lower  atmos- 
phere are  caused  by  wide  temperature  changes  in  the  surface  of  the 
earth,  by  the  over-running  and  by  the  under-running  of  warm  and 
of  cold  masses  of  air,  and  bv  the  action  of  cloud  layers  in  changing 
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the  position  of  insolation  from  the  earth  and  from  the  denser  portions 
of  the  atmosphere  to  higher  levels. 

Morning  inversions. — ^The  inversion  so  commonly  found  in  the 
early  morning  is  due  to  the  fact  that  the  surface  of  the  earth  radiates 
more  freely  than  does  the  atmosphere  at  the  same  temperature,  and 
that  therefore  at  night,  especially  when  the  sky  is  at  all  clear,  it  cools 
correspondingly  lower,  and  also  cools  the  atmosphere  for  some 
distance  above  it  to  an  extent  depending  largely  upon  the  humidity, 
degree  of  cloudiness,  and  wind  velocity. 

The  more  humid  the  air  the  less  the  depth  to  which  earth  radiation 
can  directly  penetrate,  and  therefore  the  more  slowly,  because  of 
counter  radiation,  it  gets  away.  Clouds  check  the  loss  of  heat  mainly 
by  reflection;  while  the  winds  by  mixing  the  air  of  different  levels 
prevent  excessive  cooling  at  the  surface. 

The  eflfects  of  this  nocturnal  cooling  are  well  shown  by  the  curves, 
as  explained  above.  Flight  No.  5,  made  just  after  sundown,  of  course 
shows  no  such  disturbance. 

Departure  of  gradient  from  the  dry  adiabatic. — Although  the  atmos- 
phere constantly  is  in  a  state  of  more  or  less  turmoil,  its  average  tem- 
perature-gradient, even  in  the  region  of  uniform  changes  where  this 
is  greatest,  is  less  than  the  adiabatic  of  dry  air;  due  partly  to  the  heat 
it  absorbs  in  the  form  of  earth  and  of  solar  radiations — an  amount 
which  during  the  day  is  in  excess  of  the  corresponding  loss — but 
chiefly  to  the  fact  that  the  air  is  not  dry,  and  that  it  therefore  receives 
much  heat  as  it  rises,  from  condensation  of  the  moisture  it  contains. 
This  liberated  sensible  heat,  by  all  processes  of  distribution,  conduc- 
tion, convection,  and  radiation,  extends  to  and  warms  the  colder 
masses  above,  and  decreases  by  counter-radiation  the  loss  of  heat 
from  lower  levels.  The  temperature-gradients  are  modified  most  in 
the  lower  atmosphere  where  the  average  percentage  of  saturation  is 
greatest,  and  where,  because  of  the  temperature,  its  water  capacity 
is  large. 

Curves  7  and  9  show  how  closely  the  actual  normal  gradients  follow 
saturation  paths,  even  though  actual  saturation  seldom  exists  except 
in  the  midst  of  clouds,  and  how  widely  they  depart  from  lines  8  and 
JO,  that  correspond  to  dry  adiabatic  expansion. 

Seasonal  difference  in  temperature-gradient. — The  conditions  that 
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determine  the  departure  of  ordinary  air  ^'radients  from  those  ol  dry 
air,  insolation,  and  moisture  content,  are  more  pronounced  in  summer 
than  in  winter,  and  therefore  summer  gradients  should  dilTer  from 
winter  ones  in  being  still  farther  removed,  as  they  actually  are, 
from  the  adiabatic  curve  of  dry  air. 

Storm  gradients. — A  summer  cyclone  furnishes  the  extreme  of 
departure  from  dry-air  conditions,  and  therefore  also  yields  the 
extreme  gradient  departure  from  the  dry  adiabatic,  as  illustrated  by 
curve  4.  It  even  sets  free  much  heat  in  the  rainy  sections  by  con- 
densation of  moisture  drawn  in  by  the  winds  from  distant  regions. 
Two  centimeters  of  rain,  for  instance,  will  free  as  much  heat  as  the 
surface  of  the  earth  would  receive  in  sixteen  clear  summer  noon  hours 
of  sunshine;  and  practically  all  this  heat  goes  to  the  higher  atmos- 
phere, as  the  lower  levels  and  the  ground  are  not  warmed  by  the 
rainfall,  but  rather  cooled  by  its  evaporation,  and  because  of  the 
lower  temperature  it  had  when  it  left  the  clouds,  and  often  by  the 
under-running  of  masses  of  cold  air. 

The  upper  and  the  lower  parts  of  curve  4  illustrate  these  effects. 

Cause  of  the  upper  inversion. — Several  attempts  have  been  made 
to  account  for  the  upper  inversion.  Probably  the  earliest  is  that  of 
Assmann,'  who  suggested  that  the  warm  air  above  the  inversion 
level  is  a  part  of  the  world  circulation  from  the  equator  to  the  poles. 

Several  objections  can  be  offered  to  this  theor)-^;  among  them  the 
fact  that  the  level  of  the  inversion  surface  and  the  temperature  of  the 
air  above  it  are  functions  of  the  conditions  of  the  lower  atmosphere; 
and  that  it  is  not  supported  by  the  directions  of  the  warm  upper-air 
currents,  which  often  are  from  northerly^  points,  and  are  in  fact 
irregular^  both  as  to  direction  and  as  to  speed. 

Nimfiihr'*  made  a  slight  modification  of  Assmann's  theory  when  he 
suggested  that  the  isothermal  layer  is  due  to  a  downward  component 
of  the  air,  together  with  its  movement  from  the  south.  But  the  above 
objections  also  apply  to  this  theor}'. 

F^nyi^  makes  the  plausible  suggestion  that  it  is  due  to  theabsorp- 

'  Sitzungsherichte  der  kon.  preus.  Akad.  der  Wiss.,  1902,  405. 
»  Hergesell,  Beitrdge  zur  Phys.  der  freien  Atntos.,  i,  143,  1905. 

3  Bassus,  ibid.,  2,  92,  1906. 

4  Meleorologische  Zeitschrift,  23,  245,  1906.  s  Ibid.,  24,  355,  1907. 
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tion  in  the  outer  atmosphere  of  an  unknown  amount  of  ultra-violet 
light.  But  observations  by  Abbot  and  Fowle'  indicate  that  the 
absorbed  ultra-violet  portion  of  the  sun's  energy-  is  of  the  order  of 
only  2  per  cent.,  or  less,  of  the  total  insolation;  and  therefore  even 
if  there  was  no  loss  by  radiation  or  othenvise,  it  would  in  twelve 
hours  heat  the  air  of  the  isothermal  layer  by  less  than  half  a  degree  C; 
an  amount  insufficient  to  account  for  the  observ-ed  temperatures. 

Trabert^  holds  that  possibly  the  vertical  temperature-gradient  is 
less  above  oceans  than  above  continents,  and  that  therefore  the 
upper  inversion  may  be  due  to  this  relatively  warm  air  as  it  sweeps 
over  the  land.  But  it  is  not  clear  how  this  can  account  for  the  increase 
of  temperature  beyond  the  minimum  layer,  nor  is  it  supported  by  the 
irregular  directions  of  the  winds  in  the  upper  region,  and  finally  the 
inversion  is  as  definitely  found  over  the  oceans  themselves  as  any- 
where else. 

\'er}-3  ascribes  the  isothermal  condition  to  the  absorption  of  lines 
and  bands  of  water  vapor.  A  fatal  objection  to  this  theory,  however, 
if  the  obsers'ations  are  correct,  is  the  fact  that  the  water  vapor  is  not 
there  to  absorb'* — certainly  there  can  be  but  little  at  an  elevation  of 
26  kilometers,  at  which  elevation  the  temperature  is  still  increasing. 
Teisserenc  de  Bort^  has  suggested  that  the  "isothermal  layer"  is  due 
to  the  fact  that  there  is  in  this  region  but  little  vertical  convection. 
It  seems,  however,  more  probable  that  the  absence  of  convection  is  a 
result  rather  than  the  cause  of  this  warm  layer. 

Gold^  claims  that  an  explanation  of  the  existence  of  the  "  isothermal 
layer"  must  take  into  account  the  radiation  of  the  atmosphere,  and 
gives  conclusions,  which  he  says  follow  from  certain  assumptions  as  to 
its  absorption,  so  suggestive  as  to  make  a  fuller  paper  from  him  on  this 
subject  very  desirable. 

Assuming  balloon  observ-ations  correctly  to  represent  conditions 
as  they  actually  exist,  it  is  interesting  to  find  their  physical  basis, 
and  to  the  practical  meteorologist  extremely  important  to  do  so,  since 

'  .Annals  oj  the  Astrophysical  Observatory  of  the  Smithsonian  Institution,  2,  56. 
'  Mell.  Zeitschrift,  24,  504  and  565,  1907. 

3  Phil.  Mag.  (6),  16,  467,  1908. 

4  Kleinschmidt,  Beitrdge  zur  Phys.  der  Jreien  .\tnws.,  2,  205,  1908. 

s  Nature,  78,  551,  1908.  ''Ibid.,  78,   551,  552,  1908. 
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the  chief  hope  for  improvement  in  forecasting  rests  u\K>n  an  increase 
in  our  knowlcdtre  of  the  causes  and  of  the  elTects  of  atmospheric 
phenomena.  And  since  these  involve  the  transfer  and  tlie  transfor- 
mation of  energy,  it  is  necessary  first  to  determine  the  whence  and  the 
whither,  as  well  as  the  amount  and  kind  of  this  energy  suj)ply, 

A  little  energy  reaches  the  atmosphere  by  conduction  from  the 
heated  interior  of  the  earth;  some  from  the  omnipresent  radioactive 
elements;  a  Httle  as  a  result  of  meteoric  bombardment,  and  possibly 
an  additional  small  amount  through  solar  electrons,  but  the  sum  total 
from  these  and  from  similar  sources  is  neghgibly  small.  Even  the 
combined  radiations  of  all  the  stars,  exclusive  of  the  sun,  is  estimated 
to  produce  in  space  an  effective  absolute  temperature  of  only  a  few 
degrees  C;  not  less  than  two,  probably,  nor  more  than  ten. 

Hence  the  supply  of  energy  to  the  earth  is  almost  wholly  of  the 
radiant  form  from  the  sun,  and,  neglecting  trilling  losses  otherwise, 
equilibrium  is  maintained  by  a  correspondingly  intense  reflection  and 
radiation  from  the  earth  to  space.  The  causes  therefore  of  many 
atmospheric  conditions,  among  them  the  existence  of  the  upper 
inversion,  are  to  be  found  in  the  phenomena  of  absorption  and  of 
radiation  as  they  pertain  to  the  substances  concerned  and  to  the 
particular  limits  of  wave-length  and  of  temperature  involved. 

Solar  energy,  excepting  a  small  amount,  as  it  reaches  the  earth's 
atmosphere,  is  confined  to  wave-lengths  ranging  from  2.5  /x  down, 
with  the  maximum  intensity  somewhere  between  0.4  fi  and  o .  5  ft. 
The  extent  to  which  this  energy  is  absorbed  by  the  gases  surrounding 
the  earth  is  not  an  easy  matter  to  determine,  since  it  depends  upon  the 
wave-length,  upon  the  kind  of  gas  and  its  temperature,  upon  the 
amount  of  the  gas  through  which  it  passes,  or  its  partial  pressure,  and 
even  upon  the  total'  pressure  to  which  it  is  subjected;  nor  is  it  certain 
that  these  are  all  the  modifying  conditions.  Still,  due  mainly  to  the 
Astrophysical  Obser\-atory  of  the  Smithsonian  Institution,  ver}-  much 
is  known  about  this  problem. 

On  the  violet  side,  as  it  reaches  us,  the  energy  cun-e  is  very  steep, 
and  vanishes  for  ordinar}'  levels  at  about  0.3  /a.  It  is  also  steep  on 
the  red  side,  so  that  roughly  three-fourths  of  the  total  energy  lies 
between  0.4 /a  and  i .  i  m.     The  extreme  ultra-violet  portion  of  the 

'  Angstrom,  Arkiv  for  Matemalih,  Astronomi  ocb  Fysik,  4,  Xo.  30,  1908. 
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insolation,  of  which  there  can  be  no  reasonable  doubt,  is  wholly 
absorbed  by  the  outer  dry  portions  of  the  atmosphere,  as  are  also 
certain  narrow  regions,  such  as  make  up  the  ox)-gen  lines  in  the  red. 
And  besides,  a  general,  though  less  and  less  absorption  extends  to 
regions  nearer  and  even  into  the  visible  spectrum. 

Lower  down  in  the  atmosphere  w^ater  vapor  absorbs  particular 
groups  of  wave-lengths  amounting  in  all  to  from  5  to  10  or  12  per 
cent,  of  the  whole  energy.  The  rest  is  absorbed  or  reflected  by 
clouds,  by  dust,  or  by  the  surface  of  the  earth.  That  portion  of 
course  of  the  reflected  Hght  which  returns  to  space  retains  its  original 
wave-lengths.  The  absorbed  part  of  the  energy,  however,  escapes 
as  earth  radiation  of  longwave-lengths  from  4  /-t  to  20  /u.  mainly,  with 
the  maximum  intensity  not  far  from  12  At.  For  all  these  water  vapor, 
according  to  Rubens  and  Aschkinass,'  has  a  large  coefl&cicnt  of  absorp- 
tion, and  for  a  few  of  them  so  has  carbon  dioxide;  so  that  radiation 
does  not  escape  to  any  great  extent  directly  from  the  earth,  nor  from 
the  air  or  clouds  of  lower  levels,  but  chiefly  through  a  step-by-step 
process,  as  each  layer  radiates  to  those  above  and  these  in  turn  more 
and  more  freely  to  space  through  the  remaining  water  vapor  and  the 
outer  dry  atmosphere,  where  the  coefficient  of  absorption  certainly 
is  small.  For  a  discussion  of  this  point  see  Annals  of  the  Astrophysical 
Observatory  of  the  Smithsonian  Institution,  Vol.  II. 

Since  the  horizontal  layers  of  the  moisture  may  be  regarded  as 
absorbers  of  energy,  and  as  radiators,  it  is  easy  in  a  general  way  to 
consider  the  action  of  a  given  layer  in  sending  radiation  to  say  a  unit 
horizontal  area  at  any  position  above  or  below  it. 

Let  5  be  a  unit  area  parallel  to,  but  any  distance  from,  a  flat 
radiating  surface  of  infinite  extent;  and  let  /  be  the  radiation  intensity 
of  the  plane,  that  is,  the  total  upward  radiation  in  all  directions  from 
a  unit  surface,  divided  by  27r,  and  let  6  be  the  angle  of  incidence  of  a 
ray  on  this  unit  area.  Then,  in  the  absence  of  any  absorption,  the 
total  radiation  normal  to  5  is 


>.nl  I      sin 


R  =  2nl  \      sindcosedd=Tl. 

Let  now  a  uniformly  absorbing  layer  of  constant  thickness  t  be 
placed  parallel  to  the  radiating  plane,  but  between  it  and  S.     Then 

«  Annalen  der  Physik,  64,  598,  1898. 
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the  length  of  tliat  i)()rli()n  of  any  ray  witliin  tliis  hiyer  on  its  way  to 
S  is 

/=/sec  e. 

If  a  is  the  coefl'icicnt  of  absorption,  that  is,  in  the  case  of  normal 
radiation,  the  ratio  of  the  energy  absorbed  by  a  layer  of  unit  thickness 
to  the  incident  energy,  then  the  portion  absorbed  by  a  layer  of  thick- 
ness /is  I  — (i  -a)',  but  when  a  is  small  and  /  not  too  large,  this  is 
approximately  la  =  at  sec  d\  and  therefore  in  this  case, 


Jo  Jo 


0  OS  6<l6-27rlal  j      sin  6d6  =  TTl{i-2al). 

These  equations  give  the  intensity  of  the  radiation  from  the  initial 
surface  normal  to  A  in  terms  of  experimentally  determinable  quantities 
and  show  that  while  it  is  a  function  of  the  absorbing  layer,  it  is,  never- 
theless, in  each  case  independent  of  the  distance  from  the  radiating 
surface.  The  absorbed  energy,  however,  is  re-radiated,  so  that  the 
sum  total  of  the  outgoing  energy  is  a  constant. 

Therefore  above  the  plane  of  the  upper  inversion,  that  is, 
above  the  moisture  of  the  atmosphere,  or  the  region  in  which  solar 
energy  is  mainly  absorbed,  the  radiation  normal  to  a  horizontal  area 
from  any  plane  below  is,  neglecting  the  slight  absorption  of  the  dry 
air  through  which  it  passes,  approximately  independent  of  its  position, 
so  long  as  its  distance  above  this  plane  is  small  in  comparison  with 
the  radius  of  the  earth,  as  of  course  that  of  every  point  so  far  reached 
really  is.  And,  as  explained  above,  when  equilibrium  is  established 
the  total  radiation  to  this  surface  is  independent  of  absorption. 

In  considering  the  temperatures  in  the  region  of  the  upper  inversion 
the  effects  of  earth  radiations,  Xe,  and  of  solar  radiations,  X9,  will 
be  examined  separately,  because  the  latter,  besides  being  active  only 
half  the  time,  produce  results  other  than  heating  alone,  and  therefore 
the  Stewart-Kirchhoff  law^  of  radiation  and  absorption  is  not  applicable 
to  them;  while  so  far  as  known  it  is  applicable  to  the  former,  which 
also  are  continuous  in  their  action  both  day  and  night. 

Since  convection  necessarily  is  absent  above  the  upper  inversion, 
and  since  the  thermal  conductivity  of  gases  is  ver}-  small,  therefore 
anything  beyond  this  plane  is  in  the  position,  nearly,  so  far  as  earth 
radiation  is  concerned,  of  a  body  receiving  radiation  from  a  flat,  black 
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surface  of  infinite  extent;  because  the  water  vapor  below  is  black  to 
long  waves,  the  only  kind  given  off  by  objects  at  the  prevailing  low 
temperatures. 

Consider  first  the  condition  of  an  object  placed  between  two  such 
surfaces,  parallel  to  each  other  and  close  together  in  comparison  to 
their  linear  dimensions.  Let  their  temperature  be  T^  absolute; 
then  whatever  the  object  placed  between  them,  its  temperature  will 
become  T^  also,  because  it  is  practically  surrounded  by  walls  at 
this  constant  temperature. 

Xow  let  a  slab  of  this  substance,  say  one  centimeter  square,  U 
thick,  be  placed  parallel  to  the  large  planes,  and  let  H^  be  the  number 
of  heat  units  of  wave-length  Xe  they  supply  to  it  per  second,  and  let 
A  3  be  the  number  of  units  of  this  energy  it  absorbs  per  second.  Then 
if  £j  is  the  number  of  units  of  energ}-  of  the  same  wave-length  it 
radiates  per  second,  as  a  result  of  its  hotness  only,  the  following 
equation  is  given  by  the  Stewart-Kirchhoff  law: 

(  The  number  of  heat  units  a  black  body  radiates  per  second 
=  {Rjjkf^  T,"^  ]    within  the  given  range  of  wave-lengths  (under  the  given  con- 
(    ditions  the  total  radiation)  when  at  temperature  T,. 

But  the  State  is  a  steady  one,  and  therefore  E^^A^,  and  R^^H,. 

Now  let  one  of  the  parallel  surfaces  be  removed  and  the  other 
retained  at  its  old  temperature  T^.  The  heated  body,  small  slab,  will 
come  to  a  new  state  of  equilibrium  at  a  temperature  Ti,  and  give 
the  relations 

1^\  =  {R.)k.,t,,    E,  =  A,,    and    R^^H,. 

Since  H^  is  the  radiation  per  second  incident  on  the  heated  body 
from  the  two  planes  jointly,  while  Hi  is  the  corresponding  amount 
from  but  one  of  them  at  the  same  temperature,  then  evidently 

H~Rri  ' 
But  from  the  Stefan-Boltzmann  law  we  know  that 

R.^Tt_2 
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and  lirnce 

=r  =  — ,     approximatelv. 
Tx     100 

The  second  condition  above  (lescril)ed,  that  is,  the  single  radiating 
black  surface  healing  an  object  in  its  neighborhood,  is  analogous 
to  the  etTeclive  radiating  surface  of  the  earth  at  temperature  T,  and 
the  dry  diathermanous  atmosphere  above  the  surface  of  the  u])j)er 
inversion  at  temperature  T,. 

Since  the  absorption  of  the  dry  atmosphere  is  minute  the  value  of 
r,,  if  determined  by  earth  radiations  alone,  would  ix-  nearly  constant 
— though  of  slowly  decreasing  value — with  increase  of  elevation. 
A  knowledge  of  these  two  temperatures  should,  therefore,  show  to 
what  extent  the  temperature  of  the  upper  air  is  determined  by  that  of 
the  elTective  radiation  surface.  And  both  are  known:  the  latter 
calculated  by  Abbot  and  Fowle'  from  the  results  of  many  obsers-a- 
tions  made  chiefly  by  them  at  the  Astrophysical  Observatory  of  the 
Smithsonian  Institution,  and  the  former  directly  obtained  with 
sounding  balloons.  The  temperature  of  the  upper  inversion  varies 
through  a  considerable  range,  but  averages  something  like  —  55°  C. 
Therefore,  assuming  this  to  be  due  entirely  to  earth  radiation,  we 
get 

— -= or     ia  =  2sq"Abs.,     approximatelv. 

218      100  a        ov  ,        rr 

But  this  is  about  the  temperature^  required  by  the  solar  constant 
for  the  effective  radiating  layer,  that  is,  a  layer  of  dense  water  vapor — 
the  equivalent  nearly  at  this  temperature  of  a  black  surface — that 
radiates  the  given  amount  of  energy;  and  therefore  it  seems  that 
in  the  main  the  temperature  of  the  upper  air  is  due  to  radiation  from 
the  moisture  of  the  lower  levels  and  that  the  dry  air  is  extremely  dia- 
thermanous. 

The  effective  temperature,  or  temperature  of  the  effective  layer,  is 
found  in  middle  latitudes  about  three  kilometers  above  the  surface 
of  the  earth  in  the  winter  and  live  in  the  summer,  or  say  four  kilo- 
meters for  the  year. 

Consider  now  the  effect  of  the  solar  radiation  on  the  outer  atmos- 

»  Annals  0}  the  Astrophysical  Observatory  0}  the  Smithsonian  Institution,  2,  174. 
'Ibid. 
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phere.  The  oxygen  of  this  region  absorbs  the  idtra-violet  and  a 
little  of  the  red,  and  besides  slight  heating,  produces,  it  is  beheved, 
electrical  and  chemical  effects.  That  is,  it  is  thought  that  the  air 
is  ionized  and  that  both  ozone'  and  nitrogen  pentoxide^  probably 
are  produced.  The  blue  of  the  sky  would  then  be  due  in  part,  as 
manv  have  suggested,  to  this  ozone.  Each  of  these  compounds, 
but  especially  ozone, ^  has  absorption  bands  scattered  through  a  wide 
range  of  the  spectrum  from  well  within  the  ultra-violet  to  12  /*  or 
farther  in  the  infra-red.  It  has  a  strong  band  at  and  below  0.3  m 
that  may  account  in  part  for  the  sharp  limitation  near  this  wave- 
length of  the  observed  solar  spectrum.  It  has  another  well-defined 
band  at  0.6  /*,  which  possibly  adds  something  to  the  great  depression 
found  in  the  solar  intensity  curve  at  this  place.  There  are  several 
other  bands,  but  in  the  infra-red,  one  of  which  8 . 5  ^  to  10. 5  /^  is  very 
strong,  and  of  course  would  absorb  earth  radiations. 

Spectroscopically  then,  assuming  the  existence  of  ozone  in  the 
high  atmosphere,  for  which  there  is  much  evidence,  the  known  part 
of  the  earth's  atmosphere  is  divisible  into  three  regions:  the  black 
body,  the  diathermanous,  and  the  selectively  absorptive.  The  first 
is  the  water-vapor  region  w^hich  totally,  or  nearly  so,  absorbs  long- 
wave radiations.  The  second  is  the  dr}'  air  just  above  this  region; 
and  the  third  is  the  high  atmosphere,  presumably  rich  in  ozone,  in 
which  absorption  is  marked  but  selective.  There  is  reason  to  believe, 
however,  that  the  outer  atmosphere  shades  away  in  density  with  ele- 
vation and  changes  in  composition,  until  at  a  height  of  one  hundred 
kilometers  or  less  it  is  again  diathermanous,  with  nothing  but  a 
little  hydrogen  and  possibly  some  helium  left. 

Since  both  ozone  and  water  vapor  transmit  solar  radiation  fairly 
well,  most  of  it  reaches  the  lower  levels  and  the  earth,  where  it  is 
absorbed,  and  there  emitted  again  as  long  waves  for  which  water 
vapor  is  nearly  opaque.  In  this  way  tJie  lower  atmosphere  becomes 
heated  and  rises,  in  which  act  it  cools  by  expansion  and  by  radiation 
until  it  reaches  a  minimum  temperature  determined  mainly  by  the 

'  Lyman,   Astro  physical  Journal,    27,  87,    1908;    Henriet  et  Bonyssy,   Com  pies 
Rendii^,  146,  977,  1908. 

'  Warburg  und  Leithauser,  Annalen  der  Physik,  23,  209,  1907. 
3  Ladcnburg  und  Lehmann,  ibid.,  21,  305,  1906. 
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sum  total  of  the  energy  emitted  from  lower  levels.  Above  this  place  the 
temperature  slowly  rises,  presumably  because  of  the  absorption,  as 
explained,  due  to  oxygen  and  to  ozone. 

The  lower  levels  of  the  upper  atmosphere  should  be  comparatively 
free  from  ozone,  partly  because  it  is  less  rapidly  produced  at  these 
levels,  and  partly  because  it  slowly  reverts  into  ordinarj-  oxygen. 
Besides,  a  small  amount  of  water  vapor  must  dilTuse  across  the 
inversion  plane,  since  it  extends  in  appreciable  quantities  to  this 
level,  as  we  know  by  the  cirrus  clouds;  and  it  is  probable  that  this 
water  vapor,  as  it  comes  in  contact  with  the  ozone  of  the  inversion 
region,  converts  it  by  way  of  h}'drogcn  peroxide  into  ordinary-  oxygen. 
These  two  processes,  the  spontaneous  and  the  chemical  reduction 
of  ozone  to  oxygen,  would  keep  this  place  constantly  diathermanous. 
Presumably,  too,  above  the  limits  of  the  water  vapor,  where  the 
oxygen  absorption  of  the  ultra-violet  is  greatest,  the  largest  amounts 
of  ozone  are  found.  If  so,  then  this  region  will  absorb  a  larger 
amount  of  solar  energy  as  well  as  more  of  the  earth's  radiation  than 
will  the  diathermanous  layer  below,  and  thus  be  kept  constantly 
warmer.  Besides  this,  difference  in  temperature  may  be  somewhat 
accentuated,  or  at  least  maintained,  at  night  by  the  rapid  radiation 
through  the  outer  atmosphere  of  the  upper  levels  of  the  water  vapor, 
causing  it  to  cool  more  rapidly  than  the  air  above  it,  in  a  manner 
analogous  to  the  radiation  phenomena  involved  in  the  formation  of 
anchor  ice,  and  of  morning  inversions  at  the  surface  of  the  earth. 

Cause  of  abrupt  change  of  temperature-gradient. — The  sharp  defini- 
tion of  the  place  of  inversion  probably  is  due  to  the  existence  at 
that  level  of  a  more  or  less  well-formed  cloud  veil,  which  becomes 
to  that  extent  the  locus  of  insolation.  If  so,  then  a  sky  with  exten- 
sive cirrus  clouds  should  give  immediately  above  the  inversion — 
presumably  the  upper  surface  of  the  cirrus — a  rapid  increase  of 
temperature  with  elevation,  while  a  serene  sky  should  furnish  a 
cun'e  of  gradual  transition  from  the  one  gradient  to  the  other.  Both 
these  conditions  and  results  are  shown  by  the  curves,  which  are  in 
harmony  with  other  flights  under  similar  circumstances.  No.  2  shows 
the  effect  of  cirrus  clouds,  and  Xo.  6,  the  gradient  when  the  sky  is 
perfectly  clear.  In  the  one  the  change  is  gradual;  in  the  other  it  is 
abrupt  and  the  increase  large. 
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Cause  oj  seasonul  difference  in  height  of  inversion. — During  the 
summer  the  moisture  content  of  the  air,  because  of  increased  tem- 
peratures, is  greater  than  it  is  in  winter,  and  extends  to  greater 
elevations,  and  therefore  the  effective  radiating  surface  is  correspond- 
ingly elevated.  This  combined  with  the  difference  in  the  gradients 
for  the  two  seasons — ^less  in  summer  than  in  winter — puts  the  inver- 
sion level  at  its  greatest  elevation  during  the  warmer  weather. 

Cause  oj  seasonal  difference  in  temperature  at  inversion  surface. — 
The  lower  atmosphere  and  the  surface  of  the  earth  receive  more 
solar  energy  during  the  summer  than  in  the  winter,  and  consequently 
must  radiate  more  at  this  season.  Therefore,  if  the  inversion  tem- 
perature is  determined  mainly,  or  even  largely,  by  earth  radiation,  it 
should  be  greatest  in  summer  and  least  in  winter;  and  this  is  sup- 
ported by  the  published  observations  from  Trapps,  from  Uccle,  and 
from  Strassburg,  and  presumably,  therefore,  is  generally  true. 

Cause  of  latitude  effect  on  height  of  inversion. — Change  in  latitude 
at  any  given  season  is  analogous,  meteorologically,  to  change  of  season 
at  any  given  latitude,  and  might  be  expected  to  lead,  as  it  does,  to  a 
corresponding  change  in  the  height  of  the  inversion. 

Cause  of  relation  between  barometric  pressure  and  height  of  inver- 
sion.— Normally  the  region  of  high  barometer  is  one  of  clear  weather, 
while  a  low  barometer  is  accompanied  by  precipitation,  which  cor- 
respondingly heats  the  upper  air,  and  decreases  its  temperature- 
gradient.  As  a  result  of  this  heating,  the  place  of  inversion  is  shifted 
to  one  of  lower  level  and  higher  temperature,  as  is  well  illustrated  by 
curve  No.  4. 

CONCLUSIONS 

1.  Considered  from  the  standpoint  of  temperature-gradients, 
the  explored  portion  of  the  atmosphere  is  divisible  into  three  parts: 
(a)  the  region  of  terrestrial  disturbance,  extending  from  the  ground 
to  an  elevation  of  about  3000  meters  above  its  surface;  {b)  the 
region  of  uniform  changes,  from  the  top  of  (a)  to  roughly  10,000 
meters  above  sea-level;  (c)  the  region  of  permanent  inversion,  or  all 
that  explored  j)orlion,  at  least,  that  lies  above  the  i)lanc  of  the  upper 
inversion. 

2.  Spectroscopically    the    known    atmosphere    is    divisible    into 
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three  parts:  {a)  the  bhuk  body  |)()rti()n,  coincident  with  the  region 
of  and  due  to  the  relatively  dense  water  vapor;  (6)  the  diathermanous, 
or  the  dry  air  next  above  the  water  vai)or;  (c)  the  selectively  absorp- 
tive, or  the  air  of  the  isothermal  layer,  presumably  rich  in  ozone. 

3.  The  isothermal  layer  is  due  mainly  to  earth  radiations.  The 
lower  heated  air  rises  and  cools  by  expansion  until  it  reaches  a 
minimum  temperature  t'lxed  by  the  radiation  from  below  at  that 
time  and  place. 

4.  The  dilTcrences  in  the  temperature-gradients  of  the  region  of 
uniform  changes,  the  ditTcrcnccs  in  the  heights  of  the  plane  of  inver- 
sion, and  in  the  temperatures  at  which  inversion  takes  place,  as  deter- 
mined by  season, by  latitude, and  bystormcondilions,are  all  accounted 
for  by  the  corresponding  differences  in  the  moisture  content  and  in 
the  radiation  of  the  atmosphere. 

5.  The  temperature  and  the  height  of  the  upper  inversion  arc 
given  by  the  equations 

r,=o.84r, , 

and 


1  1      Ml  ^^' 


in  which 

//o=any  initial  heiijht.     It  may  be  the  surface  of  the  earth. 
/;,=the  height  of  the  inversion  surface. 

— =the  reciprocal  of  the  temperature-gradient  where  the  temperature  is  T. 

7"o=the  absolute  temperature  at  the  elevation  h^. 
r,  =the  absolute  temperature  at  the  level  of  inversion,  //,. 
r,  =  the  absolute  temperature  of  the  effective  radiating  surface,  or  of  a 
dense  layer  of  water  vapor  radiating  the  given  amount  of  energy. 

SUGGESTIONS 

Much  needs  yet  to  be  done  in  observing  temperature-gradients 
during  special  types  of  weather,  particularly  in  the  centers  and 
about  the  borders  of  cyclones.  It  would  also  be  well  to  take  the 
height  of  the  high  cirrus  at  the  time  the  ascension  is  made. 

Many  laboratory  investigations  arc  also  desirable  in  connection 
with  the  absorption  and  radiation  of  the  several  gases  and  vapors 
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of  the  atmosphere,  singly  and  variously  combined,  at  different  pres- 
sures and  different  temperatures.  The  investigations  indicated 
would  necessarily  be  long,  and  some  of  them  most  difficult,  but  only 
in  so  far  as  they  and  kindred  ones  are  completed,  can  meteorological 
problems  of  the  nature  of  those  discussed  in  this  paper  be  fully  solved. 
The  substance  of  this  paper  was  read  July  i,  1908,  before  the  Physics 
Section  of  the  American  Association  for  the  Advancement  of  Science,^ 
and  again  on  August  27,  1908,  before  the  Astronomical  and  Astro- 
physical  Society  of  America. 

Mount  'Weather  Observatory 

Via  Bluemoxt,  Va. 

October  1908 

I  Science,  28,  256,  igocS. 


THE   CONSTITUTION   OF  THE   SUN' 

By  J.  r.  HKRMANN   SCHULZ 

My  theory  is  ])asc-(l  upon  the  h"nes  laid  out  lonfj;  a^o  by  KirchholT 

thus: 

The  most  probable  assumption  which  can  be  made  is  that  the  sun  consists  of 
a  solid  or  liquid  nucleus  in  the  highest  state  of  incandescence,  surrounded  by  an 
atmosphere  of  somewhat  lower  temperature. 

This  assumption  later  on  was  modified  and  extended  by  ZoUncr 
thus : 

The  sun  is  a  glowing  liquid  body,  surrounded  by  a  glowing  atmosphere;  in  this 
latter  floats  a  sheet  of  luminous,  cumulus-like  clouds,  constantly  being  renewed, 
at  a  certain  distance  above  the  liquid  surface. 

When  Zollner  in  1873  expressed  this  view,  it  appeared  nearly 
impossible  to  speak  in  earnest  of  a  liquid  solar  nucleus  At  that  time 
the  most  extravagant  figures  were  still  mentioned  as  to  the  tempera- 
ture of  the  sun. 

Zollner  himself  found  i  to  2  millions  of  degrees  Centigrade  as  a 
minimum  temperature  for  the  gases  of  the  prominences  before  their 
escape  out  of  the  liquid  body  into  the  open  solar  atmosphere,  whereas 
Secchi  went  still  farther,  and  came  up  to  40  million  degrees  C.^ 

Now  at  such  temperatures,  or  even  at  only  a  hundred  thousand 
degrees,  there  is  practically  no  basis  for  the  assumption  of  a  liquid 
sun,  but  today  the  matter  stands  at  a  widely  different  point. 

The  readers  of  this  Journal  will  be  well  aware  that  the  latest  cal- 
culations, based  ui)on  the  most  reliable  determinations  of  the  solar 
constant,  combined  with  the  Stephan's  law  of  radiation,  give  us  less 
than  6000°  C,  as  mean  temperature  of  the  radiating  layers.  ]Mil- 
lochau  and  Fery  find  5620°  absolute,  or  5347°  C.^  We  do  not  speak 
of  the  temperature  of  the  sun,  for  it  is  clear  that  the  measured  solar 

«  About  twenty  years  ago  I  advanced  a  theory  of  the  sun,  at  first  in  the  Gaea, 
edited  by  Dr.  Hermann  J.  Klein  of  Cologne,  in  1885  and  1886,  afterward  in  the 
Astronomische  Xachrichten,  IIQ,  1887  and  1888,  which  latter  papers  were  reprinted 
in  Exner's  Repertorium  der  Pkysik,  25.  As  this  theory  may  appear  more  plausible 
now  than  in  those  days,  I  venture  to  bring  it  again  before  the  notice  of  astrophysicists. 

2  Die  Sonne,  p.  573. 

3  Comptes  Rendus,  143,  570,  1906. 
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radiation  on  the  earth  is  not  simple  but  is  the  combined  radiation 
(i)  of  the  true  gaseous  atmosphere;  (2)  of  the  photospheric  clouds — 
c  ndensed  particles;  and  (3)  of  the  liquid  nucleus 

From  this  assumption  we  are  able  to  explain  correctly  the  fact 
that  the  intensity  of  solar  radiation  diminishes  from  the  center  of  the 
disk  toward  the  limb.  Near  the  limb  we  get  radiation  only  from  the 
atmosphere  and  the  tops — the  least  heated  parts — of  the  photospheric 
clouds,  whereas  in  the  central  portions  of  the  disk,  we  are  looking 
down  into  the  gaseous  interstices  between  these  clouds,  and  thus  here 
get  also  radiation  from  the  lower,  hotter  parts  of  same,  as  well  as  also 
from  the  still  hotter  liquid  nucleus.  This  is  a  real  explanation  of  the 
observed  fact,  whereas  the  usual  absorption  hypothesis  does  not  stand 
a  closer  test,  I  pointed  out  in  Gaea,  p.  430. 1886,  and  in  Astronomische 
Nachrichten,  Xos.  2817,  2818,  1888,  that  absorption  does  not  mean 
simply  annihilation,  and  that,  since  the  solar  atmosphere  certainly  is 
not  absolutely  diathermous,  a  certain  absorption  must  also  originally 
have  taken  place  in  the  outer  cooler  layers.  These  layers  thereby 
were  heated  and  their  proper  radiation  increased  until  a  state  of  equi- 
librium was  reached,  where  absorption  and  their  own  radiation  became 
equal  throughout  the  entire  atmosphere,  and  thus  no  diminution  of 
the  radiation  as  a  consequence  of  absorption  could  be  spoken  of. 

As  generally  the  absorbed  energy  is  transformed  into  radiation  of 
longer  wave-length,  it  is  clear  that  the  luminous,  and  still  more  the 
ultra-violet  radiation  must  be  weakened  by  the  process  described,  but 
the  total  value  of  the  radiated  energy  cannot  be  affected  after  the  state 
of  equilibrium  between  absorption  and  radiation  is  reached. 

Recently  also  Julius'  and  W.  Wundt^  have  come  to  the  same  con- 
clusions as  those  I  advanced  twenty  years  ago. 

From  these  considerations  follows  also  necessarily  a  very  important 
fact,  namely,  that  the  solar  atmosphere  cannot  be  in  the  adiabatic 
state,  but  that  the  upper  strata  must  possess  a  relatively  higher 
temperature — thence  would  also  follow  a  greater  extension  of  the 
atmosphere  than  would  be  otherwise  possible — and  finally,  that  it  is 
impossible  to  explain  any  cooling  in  lower  levels — such  as  sun-spots 
would   require — by  descending  currents   in   the  atmosphere.     The 

'  Astro  physical  Journal,  23,  323,  1906. 
'  Physikalische  Zeitschrift,  7,  385,  1906. 
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dilYtrcnccs  in  tcmpcralurc  bclwcfii  various  levels  must  be  far  less  ihun 
usually  anticipated. 

We  now  come  to  consider  whether  at  a  mean  temperature  of  about 
5400°  C.  we  are  allowed  to  imagine  reasonably  a  truly  li(|uid  nucleus 
of  the  sun. 

If  about  5400°  C\  be  the  nuaii  tem])erature,  the  ui)i)er  surface 
of  the  photosphere  must  be  at  a  lower,  the  licjuid  nucleus,  however, 
at  a  higher  temjK'rature,  the  latter  thus  perhaps  still  alK)ve  Oooo°  C. 
The  late  Henri  Moissan  expressed  his  view  in  the  Comptcs  Rcndus 
(142,  673, 1906)  that  the  temperature  of  the  liquid  nucleus  of  the  sun — 
which  he  adojHs  in  conjunction  with  Birkeland — might  not  dilTer 
much  from  3000°  C,  since  in  the  electric  furnace  at  perhaps  3500°  C. 
all  known  elements  volatilize.  I  cannot  share  this  view,  but  think 
that  the  temperature  of  the  sun  is  higher,  and  probably  as  high  as 
mentioned  before,  but,  in  spite  of  that,  we  may  very  well  assume  that 
the  bulk  of  the  sun  is  in  the  liquid  stale. 

The  temperature  in  the  electric  furnace  must,  without  doubt, 
reach  considerably  higher  than  3500°  C,  which  is  the  generally 
admitted  temperature  of  the  electric  arc  in  air.'  Moissan  considered 
this  also  as  the  minimum,  for  he  said  on  this  point,  rather  too  cauti- 
ously, in  his  book  Der  clectrische  Ojen  (German  edition,  Berlin,  1897, 
p.  25): 

Wir  hatten  aber  immer  den  Eindruck  bei  zahlreichen,  hierauf  beziiglichen 
Untersuchungen,  unter  sehr  verschiedenen  Spannungen,  dass  die  Temperatur  in 
dem  Masse  slieg,  als  die  Leislimgsfdhigkeit  der  Maschinen,  mit  denen  -mir  arbeiteten 
[  .  .  .  .  that  the  temperature  rose  in  the  same  measure  as  the  efficiency  of  the 
machinery  at  our  disposal]. 

In  his  latest  experiments  Moissan  had  at  his  command  an  electric 
current  equal  to  300  horsepower,  and  this  amount  of  energy  was 
utilized  for  a  time  from  5  to  20  minutes  to  heat  a  clear  space  in  the 
electric  furnace  of  perhaps  13X13=169  cm.  His  largest  crucibles 
measured  9  cm  in  diameter,  and  he  says  it  were  well  to  have  still 
a  free  space  of  2  cm  between  the  crucible  and  the  sides  of  the  furnace. 
The  supplied  energy  of  300  HP  for  about  169  cm  equals  about 
18,000  HP  for  one  square  meter,  whereas  the  sun's  radiation  from  one 
square  meter  at  the  solar  surface  is  calculated  to  equal  130,000  HP.  ^ 

'  Lummer  and  Pringsheim  found  this  temperature  to  be  from  3500°  to  4200°  C. 
»  Young,  Manual,  p.  251. 
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This  proportion  corresponds  to  a  temperature  of  about  3500°  C. 
for  the  electric  furnace,  and  of  about  5400°  C.  for  the  sun,  and  further 
to  the  supposition  that  the  heat  generated  is  freely  dissipated  by  radi- 
ation in  the  surrounding  space.  If,  however,  to  a  certain  space,  such  as 
the  interior  of  the  electric-furnace,  energy  is  continuously  supplied  for 
some  time,  and  this  energy  cannot  dissipate  by  radiation,  and  likewise 
not  by  conduction  (which  Moissan  tells  us),  then  necessarily  the 
temperature  in  the  interior  of  the  furnace  must  increase,  until  the 
increase  is  checked  by  the  melting  and  evaporation  of  the  limestone 
of  which  the  furnace  is  constructed.  Therefore  I  think  that  we  are 
well  justified  in  supposing  that  the  temperatures  attainable  in  a 
Moissan  electric  furnace  are  comparable  to  tJie  suns  temperature,  as  we 
know  it  today. 

Now  Moissan  has  shown  that  even  at  the  enormous  temperatures 
attained  in  his  electric  furnace,  we  have  not  yet  reached  the  point 
at  which  all  terrestrial  elements  are  truly  boiling.  In  this  respect  the 
following  table  is  very  instructive,  which  ]Moissan  gave  in  Comptes 
Rendus  of  February  19,  1906  (142,  430).  I  quote  Moissan's  own 
words  as  follows: 

Nos  principales  experiences  sont  rdsumees  dans  le  tableau  suivant,  qui  montre 
bien  la  diflfdrence  des  points  d'ebullition  des  metaux  de  la  famille  du  fer: 


M£tal 


Nickel 

Fer 

Manganese 

Chrome 

Molybdene 

Tungstbne  (Wolfram) 
Uranium 


Poids: 
grammes 


150 
200 

150 
825 
800 

150 

150 

150 

150 

150 

150 
150 
200 


Temps, 
minutes 


Ampferes 


5 
9 

5 
10 
20 

3 
5 


ID 

20 


500 
500 

500 
1000 
1000 

500 
500 

500 

700 
700 

800 

500 
700 
900 


Volts 


no 
100 


no 

55 


no 
no 


no 
no 


no 
no 
no 


M^tal 
distill^, 
grammes 


56 
200 

14 

150 
400 

38 
80 


56 
o 

15 
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Moissan  furiluT  adels  ihc  following  remarks: 

Molybdenum.  The  150  gr  were  not  fused  by  a  current  of  50x1  amperes  and 
no  volts.  After  applying  700  amperes  and  no  volts  for  7  minutes,  the  metal 
was  fused,  but  nothing  evaporated,     .\ftcr  20  minutes  56  gr  were  distilled. 

Tungsten  {Wolfram).  After  a|)plying  500  ami)cres  and  no  volts  for  5  min- 
utes, the  metal  was  not  yet  fused.  .After  applying  Soo  amperes  and  no  volts  for 
20  minutes,  Ixiiling  commenced,  but  only  25  gr  distilled. 

Another  highly  interesting  paper  of  Moissan  is:  "Sur  la  clistilla- 
tion  des  corps  simples.'"     We  here  find  ihc  following  statement: 

Gold  commences  to  evaporate  in  vacuo  at  1070°; 

it  boils  in  vacuo  at  1800°; 

and  should  boil  at  760  mm  pressure  at  2530°; 

thus  showing  how  much  depends  upon  the  pressure  under  which  the 
boiling  takes  place.  Now  all  Moissan's  experiments,  tabulated  above, 
are  made  at  ordinary  atmospheric  pressure,  and  we  arc  entirely  at  a 
loss  to  say  how  much  the  evaporation  of  the  various  metals  would  have 
been  retarded  under  increased  pressure,  such  as  we  may  expect  at 
the  very  base  of  the  solar  atmosphere,  close  to  the  liquid  nucleus. 

Moissan  tried  also  the  metalloid  titanium  in  his  electric  furnace. 
Five  hundred  gr  were  heated  by  a  current  of  500  amp.  and  no  volts; 
after  4  minute  ^  vapor  appeared,  but  after  5  minutes  the  stuff  was 
fused  only  on  the  surface,  and  carbide  of  titanium  had  formed. 
Then  300  gr  were  treated  with  1000  amp.  and  55  volts  for  7  minutes; 
no  gr  were  distilled;  the  stuff  itself,  however,  had  been  only  viscous, 
the  surface  had  not  become  horizontal.  In  his  book  Der  electrische 
Of  en,  p.  238,  he  says  that  even  with  a  current  of  2200  amperes  and 
60  vohs  the  stuff  in  the  crucible  is  not  completely  fused. 

The  conclusion  which  we  must  draw  from  Moissan's  investiga- 
tions and  experiments  is,  therefore,  that  it  is  a  grave  error  to  consider 
the  sun  as  a  completely  gaseous  body,  as  it  was  considered  for  a  long 
time  but  erroneously,  because  at  relatively  low  temperatures  all 
terrestrial  elements  and  compounds  were  not  only  molten,  but  totally 
evaporated  and  entirely  dissociated.  Moissan  has  shown  that  such 
views  are  incorrect. 

The  fact  that  we  observe  iron-vapor  in  the  atmosphere  outside  the 
photosphere  does  not  exclude  the  possibility  that  this  element  could 

'  Annales  de  Chimie  et  de  Physique  (8),  8,  145-181,  1906. 
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exist  in  lower,  thus  hotter,  levels,  still  in  the  liquid  state.  Aqueous 
vapor  exists  in  the  earth's  atmosphere  up  to  ahitudes  of  70  to  80  km 
where  the  temperatures  must  be  far  lower  than  —100°  C.  An  astro- 
phvsicist.  sav  on  the  moon,  who  would  therefrom  draw  the  conclusion 
that  liquid  water,  or  solid  ice,  could  not  exist  at  the  base  of  the  earth's 
atmosphere,  would,  of  course,  be  greatly  mistaken. 

Professor  A  Ritter,  who  during  the  period  1880  to  1889  published 
in  Wiedemann  s  Annalen  a  series  of  articles  on  "Die  Constitution 
gasformigerWcltkorper,"  says  (36,  567,  1889)  ^^  the  beginning  of  the 
closing  section  19  (when  he  had  read  my  paper  in  Astronomische 
Nachriehten,  Nos.  2847,  2848,  1888): 

Die  Hypothese  des  gasformigen  Zustandes  der  Sonne  musste  dagegen  zur 
zweiten  Gruppe — welche  bei  voller  Anerkennung  ihrer  Unzuverlassigkeit,  niir 
versuchsweise  aufgestellt  wurden — gerechnet  warden;  denn  niemand  ist  im  Stande, 
zuverldssige  Aiiskiinft  darUber  zu  geben,  wie  das  Innere  der  Sonnenmasse  be- 
scliaffen  ist. 

It  is  generally  claimed  for  the  theory  of  the  entirely  gaseous  nature 
of  all  self-luminous  stars,  that  only  this  state  affords  the  possibility 
of  the  constancy  of  radiation.  A  liquid  star,  it  is  said,  would  be 
covered  rapidly  by  a  non-luminous  crust.  This,  however,  is  not  cor- 
rect under  all  circumstances.  At  the  high  temperature  of  the  sun, 
its  liquid  masses  must  be  very  fluid,  quite  in  contrast  to  gases,  which 
are  probably  of  greater  viscosity  at  high  temperatures.  Thus  we  are 
justified  in  assuming  very  entensive  convection-currents  in  the  cool- 
ing, liquid  sun,  provided  the  bulk  of  the  same  consists  of  material  of 
uniform  density.  As  further  the  Helmhohz  contraction-hypothesis 
holds  as  well  for  the  hquid  as  for  the  gaseous  state,  we  find  that  the 
latter  state  is  in  no  way  superior  to  the  liquid  state  concerning  the 
maintenance  of  solar  radiation. 

As  pointed  out,  it  is  only  necessary  for  my  hypothesis  that  the 
sun — or  a  similar  star — to  a  depth  of  perhaps  half  the  radius  be  of 
uniform  density,  whereas  the  remaining  innermost  nucleus  may  con- 
tain masses  of  greater  density.  If  this  condition  is  not  fulfilled,  and 
the  outer  layer  of  least  density  is  relatively  thin,  then  this  layer  will 
cool  down  rapidly,  and  the  star  will  be  covered  really  by  a  non-lumi- 
nous crust.  This  would  explain  the  fact  that  in  some  binaries  one 
of  the  components,  in  spite  of  a  considerable  mass,  may  be  of  far  less 
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brilliancy,  or  even  (juilc  dark,  a>  coniitared  wilii  the  otiuT  component. 
If  the  outer,  dark  layer  is  incomplete,  or  viry  lliin.  so  tlial  it  may  he 
broken  up  at  limes,  this  would  alTord  an  explanation  of  tin-  wide, 
irrej^ular  range  in  brilliancy  of  certain  variai)les. 

These  are  the  chief  reasons  for  which  I  hold  that  the  sun,  includ- 
ing, perhaps,  most  other  stars,  is  not  entirely  gaseous,  but  only  /;/  llif 
liquid  state,  as  assumed  by  KirchholT  and  Zollner,  a  state  which 
enables  us  also  to  exj)lain  all  solar  ])henomena  upon  generally  recog- 
nized physical  jjrinciples 
Hambuko 

IQOS 


INTERACTION  OF  SUN-SPOTS 

By  PHILIP  FOX  and  GIORGIO  ABETTI 

If  a  re\'ievv  be  made  of  the  records  of  sun-spot  positions,  considering 
the  spots  individually  and  regarding  especially  their  longitude,  a  seem- 
ing interrelation  of  the  spots  of  the  two  hemispheres  appears,  for  they 
will  be  found  not  infrequently  to  travel  in  pairs,  parallehng  each  other 
on  opposite  sides  of  the  equator.  To  decide  whether  there  is  a  physical 
foundation  for  this  coincidence  in  longitude,  or  whether  the  coin- 
cidence is  due  to  chance,  would  require,  in  the  absence  of  an  actual, 
visible  demonstration  of  interaction,  an  extended  statistical  study. 

An  examination  of  the  sun-spot  charts  of  Carrington"  and  of 
Spoerer^  indicates  the  number  of  coincidences  to  be  about  equal 
to  the  probability  of  coincidence  from  chance  arrangement.  We 
counted  the  coincidences  on  Spoerer's  charts,  regarding  spots  as 
coincident  when  some  part  of  either  group  was  between  the  meridians 
bounding  its  neighbor,  and  found  28  per  cent,  of  the  spots  travehng 
in  pairs.  The  average  length  in  longitude  of  a  group  is  5? 66.  The 
space  allowed  for  coincidence  on  the  average  is  then  i7?o.  The 
average  number  of  spot  groups  per  revolution  was  11 .27,  which  gives 
for  the  average  space  occupied  by  each  spot  in  each  hemisphere  64?o. 
The  probabihty  of  coincidence  is  then  17.0-^64.0=26.5  per  cent. 
We  cannot  affirm  from  this  test  that  a  spot  in  one  hemisphere  tends 
in  general  to  accompany  a  spot  in  the  opposite  hemisphere. 

We  have  also  examined  the  Rumford  speclrohehograms,  counting 
not  only  coincidences  of  spots  with  spots  but  of  spots  with  disturbances 
indicated  by  flocculi.  This  test  yielded  a  percentage  of  coincidences 
somewhat  larger  than  the  probabihty  would  call  for. 

However  the  general  case  may  stand,  in  certain  individual  cases  a 
physical  connection  seems  evident.  Concerning  this,  Maunder  states  r^ 
"Nothing  is  more  striking  in  the  case  of  a  considerable  disturbance 

'  Observations  oj  Solar  Spots. 

'  Publicationen  der   Astronomischen   Gesellschajt,    13;    PuhUcationen   des  Astro- 
physikalischen  Observaloriums  zu  Potsdam,  i,  2,  4,  and  10. 
3  Knowledge,  17,  199,  1894. 
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than  to  see  it  repeat  itself,  at  it  were,  in  anollier  latitude,  and  an  active 
train  will  often  be  accompanied  by  a  feebler  copy  of  itself  a  few  degrees 
north  or  south."  This  is  well  illustrated  on  Spoerer's  charts  for  the 
revolutions  Xos.  32  and  43,  also  in  Plates  XIX  and  XX  (28,  256,  1908) 
oi  {\u<:  Journal.  Plate  I,  made  from  Rumford  spectroheliograms  of 
May  1907,  shows  the  development  of  a  spot,  Greenwich  No.  6185,  as  a 
northern  companion  of  a  southern  spot  here  making  its  second  appear- 
ance on  the  disk,  Greenwich  No.  6184.  The  plate  needs  no  further 
explanation  than  the  appended  data  suppHes,  except  to  point  out  that 
the  coming  spot  was,  as  usual,  antedated  by  the  flocculus.'  The 
east  limb  is  seen  on  the  j)hotograph  of  May  6  and  the  west  on  the 
plate  of  May  13,  the  spots  having  nearly  crossed  the  disk. 

As  the  spots  approach  the  equator  toward  the  end  of  the  sun-spot 
maximum  and  the  distance  between  north  and  south  neighbors 
lessens,  it  seemed  hopeful  that  if  there  was  communication  between 
them,  perhaps  normally  confined  to  action  below  the  surface,  some 
visible  demonstration  of  connection  might  be  observed  upon  the 
surface.  Fortunately  on  September  10  we  obtained  a  series  of  plates 
with  the  Rumford  spectrohehograph  showing  positive  proof  of  such 
interaction.  Certain  of  these  plates  illustrating  the  various  stages  of 
the  events  are  reproduced  in  Plates  II  and  III.  Figs.  2  and  11  are 
from  calcium  (H  line)  spectroheliograms,  the  others  are  hydrogen  with 
the  line  Ha,  using  ''pan-iso"  plates. 

The  spots  concerned  were  the  pair,  lying  in  opposite  hemispheres, 
which  were  near  the  center  of  the  disk  on  September  9,  1908.  A 
study  of  the  plates  on  previous  days  revealed  no  unusual  features. 
The  southern  spot  was  first  seen  on  August  8  as  a  small  spot  near 
the  east  limb.  On  August  10  it  had  disappeared  but  was  again 
present  on  August  13.  From  this  date  it  developed  rapidly.  The 
northern  spot  was  first  seen  on  the  plates  of  August  13.  It  too  died 
out  but  was  again  present  and  rapidly  developing  when  the  region 
came  into  view  on  the  east  limb  on  September  4.  On  September  8 
and  9  spots  were  present  in  the  isolated  flocculus  preceding  the 
northern  spot.* 

The  appearance  of  the  groups  on  September  9  is  shown  in  Fig.  i 

'  Fox,  Astrophysical  Journal,  28,  255,  1908. 

»  Hale,  Astrophysical  Journal,  28,  323,  Plate  XX\'II,  1908. 
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of  Plate  II.  The  first  plates  of  September  lo  were  the  routine 
calcium  exposures,  Fig.  2.  These  showed  considerable  activity  in 
the  spot  groups,  principally  in  the  eruptions  in  the  northern  group. 
The  Ha  plates  of  5^  36"^  and  ^^  58"^  G.  M.  T.  revealed  an  intensifi- 
cation of  the  eruptions  in  the  northern  group,'  a  brightening  of  the 
flocculi  following  the  southern  group,  and  a  shght  strengthening  of 
the  isolated  flocculus  preceding  the  northern  group,  but  gave  no 
intimation  of  the  pending  outburst.  Visual,  spectroscopic  examina- 
tion at  7^  30"^  G.  M.  T.  indicated  a  violent  uprush  of  hydrogen  imme- 
diately behind  the  southern  spot  and  also  at  some  distance  following. 
A  plate  was  immediately  exposed,  7*^  52"\  On  this  and  subse- 
quent plates  tremendous  changes  were  found.  A  briUiant  eruption 
had  occurred  behind  and  in  contact  with  the  southern  spot.  Some- 
what more  remotely  following,  a  still  greater  and  more  striking  eruption 
was  in  progress,  extending  east  and  south  hke  a  great  leg,  briUiant 
to  its  toe,  and  stretching  to  the  north  in  two  branches,  one  nearly 
to  the  neighboring  spot,  the  other  a  chain  of  brilliant  eruptions  reach- 
ing toward  the  isolated  flocculus.  This  flocculus,  the  remains  of  an 
expired  spot,  had  increased  greatly  in  intensity  and  had  extended  arms 
toward  the  approaching  chain  of  eruptions  and  toward  the  northern 
spot.  From  the  northern  spot  an  eruptive  arm  stretched  to  meet  the 
eruptions  advancing  from  below  and  from  the  flocculus.  This  is 
well  seen  at  8^  13"".  At  8^  25™  the  connection  of  the  northern  and 
southern  spots  was  completed. 

After  this  consummation  the  subsidence  to  relative  tranquiUity 
was  as  rapid  as  the  rise.  Examination  of  the  Hne  Ha  at  9^  30"" 
revealed  descent  in  the  eruptive  regions  behind  the  southern  spot. 
Measurement  of  the  displacement  of  the  line  on  the  photographs  made 
at  this  time  gives  velocity  of  descent  behind  the  spot  as  about  100  km 
per  second  and  170  km  in  the  great  eruption  due  east  of  the  spot. 
The  result  of  this  is  seen  on  the  plates  at  9^  39*"  and  9^  48"^  in  the 
obliteration  of  the  eruptive  feature  behind  the  spot  and  in  the  decline 
in  the  great  eruption.  Other  plates  exposed  later  showed  a  continued 
decline.  The  whole  display  lasted  less  than  four  hours  and  for- 
tunately the  history  of  it  as  shown  on  our  plates  is  nearly  complete. 

•  Dennett  observed  an  eruption  in  this  group  on  September  9  lasting  from  i9'?45 
to  2o'}30  G.  M.  T.     Observatory,  31,  388,  1908. 
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It  is  to  be  regretted  that  we  obtained  no  calcium  plate  when  the  dis- 
turbance was  at  its  height.  A  plate  at  lo*'  51'"  furnishes  no  startling 
changes  when  compared  with  the  calcium  j)late  at  3*^  39*".  Certain 
minor  changes,  visible  in  the  arrangement  of  the  flocculi  between 
the  spots,  are  of  such  character  (the  chain,  for  example,  is  nearly 
continuous);  that  there  seems  little  room  to  doubt  that  the  calcium 
fully  participated  in  the  disturbance.  Intensification  in  the  eruptions 
following  the  northern  spot  is  also  noticeable.  On  the  following 
day  many  small  spots  had  developed  in  the  llocculi  train.  An 
Ha  plate  of  Se])tember  11  is  added  to  show  the  return  to  a  more 
quiet  existence. 

The  further  history  of  these  groups,  so  far  as  we  have  observed, 
was  uneventful.  Only  one  thing  need  be  mentioned.  On  the  next 
return  of  the  spots  to  the  center  of  the  disk  the  space  between  the 
two  groups  as  shown  on  the  calcium  plates  was  tilled  with  small 
scattered  tloccuh. 

The  heliographic  positions  of  the  spots  of  the  groups  and  of  the 
flocculi  about  them  were  measured  on  plates  before  and  after  Sep- 
tember 10  to  determine  if  any  notable  drifts  occurred.  We  reduced 
the  plates  using  the  constants  employed  at  Greenwich.  The  posi- 
tions of  the  leader  spots  are  collected  in  the  accompanying  table. 
Between  September  8  and  12  the  southern  spot  remained  unmoved 
in  its  position,  but  it  is  perhaps  signiticant  that  the  northern  spot 
had  advanced  tow^ard  the  southern  3?3  in  longitude  and  i°j  in 
latitude.  The  flocculi  showed  no  consistent  motions  either  of 
translation  or  rotation. 

Hale  has  pointed  out'  the  resemblance  of  the  pattern  made  by  the 
hydrogen  flocculi  and  that  of  iron  filings  in  a  magnetic  field.  It  is 
of  interest,  though  of  doubtful  significance,  that  the  hydrogen  flocculi 
following  the  northern  spot  group  have  the  heart-shaped  configura- 
tion of  the  fines  behind  the  weaker  of  two  interacting  electrical  masses 
of  unlike  sign.  We  have  considered  the  possibility  of  explaining  this 
configuration  as  a  section  through  an  inclined  vortex  but  this  neces- 
sitates assigning  far  too  great  depth  to  the  vortices.  An  indraught 
from  the  rear  along  the  fine  of  briUiant  floccuH  following  the  spot  would 
be  a  sufl&cient,  though  perhaps  not  probable,  mechanical  explanation. 

I  Aslrophysical  Journal,  28,  114,  1908. 
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Several  investigators  have  expressed  the  opinion  that  the  source 
of  terrestrial  magnetic  storms  is  in  the  eruptions  about  the  spots 
rather  than  in  the  spots  themselves.  Hale  in  discussing  the  magnetic 
fields  which  he  has  recently  detected  in  sun-spots  concludes,  from 
the  rapid  diminution  of  strength  of  field  with  altitude,  that  terrestrial 
magnetic  storms  are  probably  not  caused  directly  by  these  fields'  and 
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*  First  rotation. — The  north  spot  is  the  leader  of  an  oval  group. 

t  South  spot  scarcely  visible.  X  Second  rotation.  %  Bridge  across  the  north  spot. 

§  Many  new  spots  in  the  train  following  the  north  spot.  **  Third  rotation. 

REMARKS 

Measurements  are  for  the  leader  spot. 

The  plate  ^y  520  is  a  direct  photograph  with  the  40-inch,  all  others  (S5) 
are  calcium  spectroheliograms. 

states :  "  Their  origin  may  be  sought  with  more  hope  of  success  in  the 
eruptions  shown  on  spectroheliograph  plates  in  the  regions  surround- 
ing spots."  A  disturbance  of  the  magnitude  of  this  one  of  September 
10  might  have  been  expected  to  produce  noticeable  effects  on  the  earth. 
In  Nature  of  September  24  Chree  describes  a  large  magnetic  storm 
which  occurred  on  September  11,  beginning  at  9^  47™.     The  lag  in 


'  Astrophysical  Journal,  28,  341,  1908;   see  also  Schuster,  Nature,  78,  663,  1908; 
M.  N.,  65,  187,  1904. 
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time  between  the  solar  and  terrestrial  storms,  sometliing  over  twenty- 
six  hours,  is  not  consistent  with  the  view  of  Young'  and  of  Nord- 
mann'  that  the  magnetic  impulse  travels  with  the  speed  of  hght; 
but  is  more  in  harmony  with  the  observations  of  Maunder^  and  of 
Ricc5,'*  who  lind  retardations  of  26*^  and  45^5  respectively.  The 
lags  found  by  Maunder  and  Ricc6,  though  both  rest  on  the  central 
meridian  passage  of  sun-spots,  are  not  directly  comparable,  for 
Maunder  determined  the  lag  to  the  middle  of  the  magnetic  storm 
and  Ricc6  to  the  maximum. 

In  conclusion  we  express  our  indebtedness  to  Mr.  Wallace  for 
his  instruction  in  the  preparation  and  manipulation  of  the  pan-iso 
plates. 

Yerkes  Observatory 
November  10,  190S 

»  Nature,  7,  109,  1872. 

'  Journal  de  Physique  (4),  3,  115    1904. 

3  Monthly  Notices,  64,  207,  1903-1904. 

4  Memorie  Spet.  Ital.,  33,  38,  1904. 


ox  THE  ABSORPTION  OF  LIGHT  IN  SPACE' 

By  J.  C.  KAPTEYX^ 

Undoubtedly  one  of  the  greatest  difficulties,  if  not  the  greatest  of 
all,  in  the  way  of  obtaining  an  understanding  of  the  real  distribu- 
tion of  the  stars  in  space,  lies  in  our  uncertainty  about  the  amount 
of  loss  suffered  by  the  light  of  the  stars  on  its  way  to  the  observer. 
For  the  sake  of  brevity  and  in  accordance  with  what  has  been  done 
by  other  astronomers,  I  will  designate  this  loss  by  the  name  of  absorp- 
tion of  light,  though  the  loss  caused  by  scattering  of  light  will  be 
included. 

Elsewhere  (Astronomical  Journal,  No.  566,  24,  115,  1904)  I 
tried  to  show  how  fundamentally  our  results  for  the  arrangement 
of  the  stars  in  space  are  changed  by  admitting  even  an  absorption 
of  hght  considered  as  small  by  some  astronomers. 

Now  there  can  be  little  doubt,  in  my  opinion,  about  the  existence 
of  absorption  in  space  and  I  think  that  even  a  good  guess  as  to  the 
order  of  its  amount  can  be  made.  For,  first,  we  know  that  space 
contains  an  enormous  mass  of  meteoric  matter.  This  matter  must 
necessarily  intercept  some  part  of  the  star-light. 

In  the  second  place,  if,  assuming  the  universe  to  be  completely 
transparent,  we  apply  the  method  explained  in  Publications  0}  the 
Groningen  Laboratory,  No.  11,  we  fmd  that  the  stars  gradually  thin 
out  as  we  recede  farther  and  farther  from  the  sun.  In  Astronomical 
Journal,  No.  566,  I  showed  that  the  data  used  in  this  investigation 
are  about  as  well  represented  if  we  assume  that  the  star-density  is 
the  same  at  different  distances  from  the  sun,  provided  that  we  intro- 
duce an  absorption  of  light  of  a  determined  small  amount. 

The  choice  between  the  two  probabilities  does  not  seem  to  be  ven,- 
difficult.  For  the  data  brought  together  in  Publications  0}  the  Gro- 
ningen Laboratory,  No.  18,  show  that  there  is  little  difference  in  the 
distribution  of  the  stars  over  the  different  magnitudes  in  diametrically 
opposite  regions  of  the  sky. 

'  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  No.  31. 
'  Research  .Associate  of  the  Mount  Wilson  Solar  Observatory. 
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From  lliis  wt-  niiiy  conclude  that,  if  tluTi-  is  a  thinning  out  of  the 
stars  for  increasing  distance  from  the  sun,  it  must  ])e  so  in  whatever 
direction  from  the  sun  we  proceed.'  This  would  assign  to  our  sun 
a  very  exceptional  place  in  the  stellar  system,  viz.,  the  place  of 
maximum  density. 

On  the  otluT  hand,  if  we  assume  that  the  thinning-out  of  the  stars 
is  simi)ly  apparent  and  due  to  absori)tion  of  light,  the  apparent 
thinning-out  in  any  arbitrary  direction  is  perfectly  natural. 

The  latter  alternative  is  therefore  undoubtedly  the  most  probable 
one,  and  as  there  is,  at  least  for  every  zone  of  galactic  latitude,  only 
one  value  {a)  of  the  amount  of  absorption  which  would  lead  to  a 
nearly  constant  density,  whereas  a  greater  amount  would  lead  to  the 
result  that  the  star-density  would  iucrease  on  all  sides  of  the  sun 
(that  is,  would  lead  to  the  same  difficulty  as  before),  it  would  seem 
probable  that  the  amount  of  absorption  must  be  of  the  order  a. 

In  Astronomical  Journal,  No.  566,  I  found  for  a  the  value  of  0.016 
magnitude  for  a  distance  of  33  light-years  (corresponding  to  a  parallax 
of  o!'i )  as  an  average  for  the  whole  of  the  sky.  Using  better  material.^ 
the  result  will  doubtlessly  be  somewhat  different.  It  is  hardly  neces- 
sary to  say  that  I  do  not  propose  a  ^•aluc  obtained  in  this  way  for 
acceptance.  The  method  is  by  no  means  fundamental.  I  merely 
think  that  there  is  some  reason  to  believe  that  the  average  absorption 
must  be  of  this  order  of  magnitude. 

In  the  same  paper  I  proposed  a  more  fundamental  method  for 
the  derivation  of  the  absorption.  The  data  in  existence  at  the  time, 
however,  proved  to  be  still  inadequate.  I  have  now  collected  far 
more  extensive  material  which  must  lead  to  a  considerable  improve- 
ment. The  plan  of  selected  areas  will,  in  due  time,  furnish  still 
better  data.  Elsewhere  I  suggested  another  independent  way  of 
determining  the  absorption  by  extended  observation  of  nebulae. ^ 

'  The  proof  is  not  complete  because  ditTerent  galactic  latitudes  were  not  separately 
treated.  I  have,  however,  convinced  myself,  in  a  rough  way,  that  thinning-out  of 
the  stars  is  found  for  every  zone  of  galactic  latitude.  This,  together  with  the  fact  that 
the  distribution  of  the  stars  varies  ver}-  little  with  the  galactic  longitude,  proves  our 
conclusion. 

2  A  beginning  has  been  made  in  Proceedings  of  the  Academy  of  Science  at  Amster- 
dam, 1908,  p.  626. 

3  Plan  0}  Selected  Areas,  p.  57. 
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Meanwhile  it  cannot  be  denied  that  the  truly  fundamental  impor- 
tance of  the  absorption  of  light  makes  it  highly  desirable  to  find 
still  other  methods,,  depending  on  quite  different  data.  Such  a  new 
method  could  probably  be  obtained  if  it  turns  out  that  the  absorp- 
tion in  interstellar  space  is  more  or  less  selective.  If  the  absorption 
and  scattering  of  light  by  meteoric  matter  is  really  sensible,  then  there 
can  be  no  reasonable  doubt  but  that  the  violet  end  of  the  spectrum 
must  be  more  strongly  affected  than  the  less  refrangible  rays. 

But  even  the  probability  of  gas-absorption,  producing  absorption 
lines  or  bands  in  the  spectrum,  cannot  be  denied  a  priori.  Owing 
to  the  gas  of  the  corona  lost  by  the  sun,  to  similar  loss  presumably 
suffered  by  the  other  stars,  to  that  lost  by  comets,  etc.,  interstellar 
space  must  contain,  at  ever}-  moment,  a  considerable  amount  of  gas. 
^Might  not  this  gas,  in  a  thickness  of  hundreds  of  light-years,  cause  an 
appreciable  absorption  of  hght  ? 

It  thus  seems  that  there  is  reason  to  inquire  whether  or  not  hght 
suffers  in  space  (a)  a  general  absorption,  particularly  strong  in  the 
violet;  (b)  a  selective  absorption,  widening  or  strengthening  hnes  or 
bands  in  the  spectrum. 

To  my  regret  I  have  never  had  the  opportunity  of  undertaking 
the  observations  necessary  to  settle  these  questions.  Recently,  how- 
ever, I  obtained  some  results  from  the  Harvard  observations,  which 
can  be  explained  most  readily  by  an  absorption  of  the  first  kind. 

In  the  observations  of  the  spectra  of  the  bright  stars  {Harvard 
Annals,  28,  Part  I)  Miss  Maury  distinguishes,  in  Class  XYa,  two 
divisions.  One  of  these  has  the  remark  184,  the  other  the  remark 
185.  The  parts  of  these  remarks  to  which  I  wish  to  call  attention 
are  as  follows: 

"184.  This  star  resembles  a  Boot  is  in  the  absorption  shown  in  the 
region  having  wave-length  shorter  than  4307." 

"185.  This  star  resembles  a  Cassia peiae  in  the  general  absorption 
shown  in  the  region  having  wave-length  shorter  than  4307." 

In  the  detailed  description  of  the  classification  (p.  39)  the  differ- 
ence is  described  in  these  words: 

The  stars  of  this  group  (XVo)  appear  to  fall  into  two  divisions,  exhibiting  a 
slight  difference  in  the  degree  of  general  absorption  in  the  violet  regions.  Of 
these  divisions  a  Bootis  and  a  Cassiopeiae  are  respectively  t)'pical.     In  the  first 
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the  general  abst)rplion  is  slight;  in  the  second,  it  is  more  conspicuous  both  in 
the  regions  of  the  violet  alx)ve  mentioned  and  beyond  wave-length  3889,  where 
the  photographic  spectrum  generally  appears  to  be  suddenly  cut  olT. 

The  distinction  here  made  is  a  very  diflkult  one  in  practice, 
owing  to  the  fact  that  dilTerent  j)hotographs  of  the  same  stars  show 
considerable  dilTerence  in  the  general  absorption  of  the  violet.  The 
ditTiculty  is  so  great  that  Miss  Cannon,  in  the  classification  of  the 
southern  stars,  gave  up  this  division  altogether.  She  says  (Harvard 
Annals,  28,  Part  II,  p.  159),  "These  elTects  were  found  to  vary  so 
much  in  ditTerent  photographs  of  the  same  star  taken  under  dilTerent 
conditions  that  they  ha\e  been  assumed  to  be  photographic  effects, 
rather  than  real." 

On  the  other  hand,  Miss  Maury  contends  {ibid.,  Part  I,  p.  39), 
"The  degree  of  absorption  indicated  also  varies  in  photographs  of 
different  density  so  that,  icliile  there  seems  to  be  sufficient  ground  for 
beliei.'ing  that  the  distinction  is  a  real  one,  there  is  more  or  less  lia- 
bility to  error  in  assigning  individual  stars  to  one  or  the  other  division ^ 

I  have  taken  the  liberty  of  italicizing  the  words  which,  in  order  to 
appreciate  what  follows,  we  must  keep  well  in  mind.  I  have  been 
led  to  think,  with  Miss  Maury,  that  the  distinction  is  probably  a 
real  one  and  that  the  most  natural,  though  not  the  only  way  to  account 
for  it  is  to  attribute  it  to  space-absorption. 

The  suspicion  that  it  might  be  due  to  space-absorption  was  of 
course  at  once  raised  by  the  preceding  considerations.  It  is  easy  to 
see  how  it  may  be  tested. 

If  it  is  well  founded,  then  the  stars  belonging  to  the  a  Cassiopeiae 
division  must  be  farther  removed  from  the  solar  system  than  the  stars 
of  the  a,  Bootis  division.  Our  knowledge  about  individual  parallaxes 
is  far  too  defective  to  be  of  any  use  in  the  present  question.  In  the 
absence  of  the  parallaxes  the  amount  of  proper  motion  will  be  the 
safest  guide  in  our  estimate  of  the  evidence.  If  our  suspicion  is  in 
accord  with  nature,  we  have  to  expect  that  the  stars  in  the  a  Cassio- 
peiae division  will  in  general  have  smaller  proper  motions  than  the 
stars  in  the  division  of  a  Bootis. 

The  following  summar}-  shows  the  proper  motions  for  all  the  stars 
in  the  two  divisions.  With  very  few  exceptions  they  were  taken 
from   Xewcomb's   Fundamental   Catalogue.     Those   which   are   not 
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contained  in  that  catalogue  were  taken  from  Auwers-Bradley  as 
corrected  in  Groningen  Publications,  No.  9.  All  the  proper  motions 
may  thus  be  considered  as  being  very  reliable. 

To  the  stars  in  Class  XVa  were  added  nine  stars  from  Class  XIV 
and  XIV  for  which,  according  to  the  remarks  of  Miss  Alaury,  the 

a  CASSIOPEIAE  GROUP 


No.  in  H.  P. 

Star 

Mag. 
mH.P. 

0  XpOO 

S  1900 

Spec  tram 

Cent. 
P.M. 

45 

I  Ceti 

3-6 

01114m 

-  9°23' 

3" 

92 

5  Andromedae 

3 

4 

34 

+  30  19 

\ 

17 

94 

a  Cassiopeiae 

2 

2 

35 

+  56  00 

6 

103 

/3  Ceti 

2 

I 

38 

-18  32 

23 

122 

62  Piscium 

6 

0 

43 

+  6  45 

7 

155 

43  H  Cephei 

4 

5 

55 

+  85  43 

8 

183 

V  Ceti 

3 

6 

I     3 

-10  43 

25 

220 

e  Ceti 

3 

8 

19 

-   8  42 

23 

251 

V  Persei 

3 

7 

32 

+  48  07 

13 

332, 

a  Arietis 

2 

0 

2     2 

+  23  00 

24 

498 

K  Persei 

4 

0 

3     3 

+  44  29 

23 

560 

<T  Persei 

4 

4 

24 

+  47  39 

3 

75° 

S  Tauri 

4 

0 

4  17 

+  17   18 

II 

775 

d'  Tauri 

3 

9 

23 

+  15  44 

7 

1452 

26  Monocerotis 

4 

2 

7  36 

-   9  19 

8 

1453 

<r  Geminonim 

4 

I 

37 

+  29  07 

23 

1629 

f  Hydrae 

3 

3 

8  50 

+   6  19 

\ 

9 

1695 

iH  Draconis 

4 

6 

9  23 

+  81  46 

\XV   a 

3 

1760 

H  Leon  is 

4 

I 

47 

+  26  29 

( 

24 

1800 

X  Hydrae 

3 

9 

10     6 

-II  51 

22 

1902 

46  Leon.  min. 

3 

9 

48 

+  34  45 

30 

2056 

14  H'  Draconis 

5 

8 

12     0 

+  77  28 

16 

2063 

€  Corvi 

3 

I 

5 

-22  03 

{ 

7 

2208 

e  Virginis 

3 

0 

57 

+  11  30 

1 

27 

2569 

I  Draconis 

3 

3 

15  23 

+  59  19 

I 

2627 

a  Serpentis 

2 

7 

39 

+   6  44 

14 

2962 

/3  Ophiuchi 

2 

9 

17  38 

+   4  36 

16 

3003 

1  Draconis 

3 

9 

52 

+  56  55 

13 

3007 

f  Hercidis 

3 

9 

54 

+  29  15 

9 

3084 

5  Sagittarii 

2 

8 

18  15 

-29  52 

5 

3328 

T  Draconis 

4 

5 

19  17 

+  73  10 

17 

3519 

ig  Vulpeculae 

5 

8 

20    8 

+  26  31 

0 

3732 

f  Cygni 

3 

5 

21     9 

+  29  49 

6 

3836 

e  Pegasi 

2 

4 

39 

+   9  25 

/ 

2 

3923 

f  Cephei 

3 

5 

22     7 

+  57  43 

/ 

2 

4182 

7  Cephei 

3 

4 

23  35 

+  77  04 

1 

17 

994 

P  Leporis 

3 

0 

5  24 

-20  51 

XIV.  a 

9 

1312 

0'  Canis  majoris 

4 

0 

6  50 

-24  04 

XIV.  a 

4 

1474 

f  Argus 

3 

4 

7  45 

-24  37 

XIV.  P 

0 

1747 

e  Leonis 

3 

I 

9  40 

+  24  14 

XIV.  P 

5 

2249 

7  Hydrae 

3 

3 

13   14 

-22  39 

XIV.  a 

8 

2515 

P  Bootis 

3 

6 

14  58 

+  40  47 

XIV.  a 

6 

3779 

i'  Capricorni 

3 

8 

21   21 

—  22  51 

XIV.  P 

2 

3780 

J5  Capricorni 

6 

0 

21   22 

-21  37 

XIV.  a 

6 

4020 

ri  Pegasi 

3 

I 

22  38 

+  29  42 

XIV.  a 

4 
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No. 
iaH.P. 

Star 

Mag. 
iixH.P. 

a  igoo 

i  igoo 

Spectrum 

Cent. 
1'.  M. 

§4  Piscium 

6.1 

0^34'" 

+  2o''43' 

60" 

93 

ji;  Piscium 

5 

5 

35 

+  20  54 

\ 

3 

812 

jj  Kridani 

3 

9 

4  34 

-14  30 

Y 

18 

1086 

5  Leporis 

4 

0 

5  47 

-20  54 

1 

69 

1093 

5  Aurif^ite 

3 

8 

51 

+  54   17 

1 

16 

M59 

/3  Geminorum 

I 

I 

7  39 

+  28   16 

1 

62 

1833 

7  Leon  is 

2 

2 

10  14 

+  20  21 

1 

34 

1926 

a  Urs.  ma'j. 

2 

0 

58 

+  62   18 

1 

14 

1961 

V  Urs.  maj. 

3 

8 

II   13 

+  35  39 

f 

4 

1963 

5  Crater  is 

3 

9 

14 

-14  14 

1 

23 

1999 

2  Draconis 

5 

S 

30 

+  69  52 

I 

16 

24CX) 

a  Bootis 

0 

0 

14  II 

+  19  44 

\ 

228 

2541 

S  Bootis 

3 

5 

15  12 

+  33  42 

\xW.a 

16 

2589 

7  Librae 

4 

0 

30 

-14  27 

1 

7 

2736 

t  Ophiuchi 

3 

4 

16  13 

-   4  27 

1 

9 

2774 

/3  Herculis 

2 

8 

26 

+  21   42 

1 

II 

3037 

/O  Ophiuchi 

4 

I 

18  00 

+    2  32 

1 

"5 

3090 

7)  Serpent  is 

3 

4 

16 

-    2  36 

1 

90 

3447 

e  Dracouis 

3 

9 

19  48 

+  70  01 

1 

9 

3450 

P  Aqiiilae 

4 

0 

50 

+   6  10 

1 

48 

3648 

e  Cygni 

2 

7 

20  42 

+  33  36 

1 

49 

3656 

V  Cephei 

3 

6 

43 

+  61  26 

1 

83 

4034 

fj.  Pegasi 

3 

7 

22  45 

+  24  05 

/ 

16 

4114 

7  Piscium 

3 

8 

23   12 

+   2  44 

j 

75 

4174 

X  Andromedae 

3 

9 

33 

+  45  56 

45 

absorption  for  wave-lengths  below  3889  approaches  that  of  a  Cas 
siopeiae. 

From  this  summary  we  see  that  neither  are  the  proper  motions 
of  the  stars  in  the  a  Cassiopeiae  division  exclusively  small,  nor  the 
motions  of  the  cl  Bootis  stars  invariably  considerable.  After  the 
words  quoted  from  both  Miss  Cannon  and  Miss  Maur>'  such  a  thing 
could  not  be  expected.  Moreover,  at  least  some  of  the  proper  motions 
of  the  a.  Bootis  stars  may  only  appear  to  be  small  because  they  are 
seen  strongly  foreshortened,  and  at  least  a  few  of  the  proper  motions 
of  the  a  Cassiopeiae  stars  must  be  large,  not  owing  to  small  distance, 
but  in  consequence  of  an  exceptionally  large  linear  velocity.  Finally, 
in  classifying  the  stars  into  two  divisions  gradually  merging  into  one 
another,  there  must  always  be  a  certain  proportion  so  near  the  line 
of  division  that  they  might  almost  equally  well  be  put  in  either  class. 
In  this  respect  it  is  worthy  of  notice  that  for  Class  XIV  Miss  Maury 
made  no  division  on  account  of  absorption  in  the  violet.  For  this 
class  we  may  thus  presume  that  she  will  have  drawn  attention  only 
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to  the  well-marked  cases.  For  this  reason  the  fact  that  in  all  these 
cases,  without  exception,  the  proper  motion  is  small  seems  vety  sig- 
nificant. Notwithstanding  the  contrary  cases,  our  list  shows  clearly 
that,  as  a  rule,  the  proper  motions  in  the  a  Boolis  division  exceed  those 
in  the  other  group  ver\-  considerably. 

The  following  averages  may  show  this  yet  more  forcibly. 


o  Cassiopeiae  div. 


a  Boolis  div. 


General  mean  of  centennial  motion 

,  a  =   oh  to  a  —  6h 

r,      .   ,  I  6    to         12 

Partial  means  ^  o 

j        12    to         i8  

'        i8    to        24 . 

Number  of  stars  with  centennial  p.m.<io" 
Number  of  stars  with  centennial  p.m.  >3o" 


11^4  (45  stars) 
13.6  (13  stars) 
12.9  (10  stars) 
1 1. 9  (10  stars) 
6. 1  (10  stars) 

58  per  cent, 
o  per  cent. 


47 'i  (25  stars) 
33 .  o  (  5  stars) 
25.4  (  6  stars) 
54. 1  (  6  stars) 
58.9  (  9  stars) 

20  per  cent. 
48  per  cent. 


The  percentages  become  still  more  favorable  to  our  supposition 
if  we  include  only  the  cases  in  which  two  or  more,  or  three  or  more 
plates  have  been  taken.  As  the  number  of  stars  becomes  rather 
small  in  these  cases  I  will  not  further  insist  on  this  point. 

The  objection  which  might  be  based  on  the  fact  that  the  subdi- 
vision here  discussed  was  made  only  in  the  case  of  Class  XVo,  whereas, 
if  the  interpretation  by  space-absorption  is  correct,  it  must  show  in 
all  classes,  loses  greatly  in  force  by  the  fact  that  all  other  classes  of 
Miss  Maur}'  contain  so  small  a  number  of  stars  that  the  contrast 
between  the  two  divisions  had  small  chance  of  being  noticed. 

If  we  grant  the  reality  of  the  difference  in  the  distance  of  the 
stars  of  the  a  Bootis  and  a  Cassiopeiae  divisions,  it  does  not  neces- 
sarily follow  that  the  interpretation  of  the  difference  in  the  spectrum 
as  being  due  to  space-absorption  must  be  correct.  For,  as  the 
average  magnitude  of  the  stars  in  the  two  divisions  is  about  the  same, 
the  total  light-power  (luminosity)  of  the  more  remote  a  Cassiopeiae 
stars  must  be  greater  than  that  of  the  a  Bootis  stars.  The  meaning 
of  our  result  may  therefore  also  be:  for  stars  of  the  same  spectrum, 
the  light  of  the  more  luminous  objects  is  relatively  weaker  in  the 
violet  part  of  the  spectrum.  Whichever  view  we  think  the  more 
probable,  the  phenomenon  seems  well  worthy  of  being  more  closely 
and  carefully  investigated. 

Of  course  care  will  be  taken  to  make  the  spectra  to  be  compared 
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as  equal  as  possible  in  the  less  refrangible  jnirt.  Moreover,  we  shall 
choose  exclusively  extreme  cases  in  regard  to  jjroper  motion.  In 
particular,  fainter  stars  ought  to  be  included  in  order  that  we  may 
have  a  more  extensive  choice  of  stars  having  large  pro])er  motions 
and  at  the  same  lime  a  larger  dilTerence  of  distance  of  the  two  groups 
to  be  compared.  It  seems  unnecessary  to  enter  into  further  details 
on  this  point.  But  a  few  lines  may  perhaps  be  allowable  in  order 
to  show  the  inij^ortance  of  a  determination  of  the  spacc-absorjjtion 
which   might   eventually  result   from   such   an   investigation. 

There  is  first,  of  course,  the  contribution  we  may  expect  for  the 
determination  of  the  total  amount  of  absorption  (the  absorption- 
constant  in  the  case  the  universe  is  fairly  uniformly  filled  with  the 
absorbing  matter).  As  was  pointed  out  above,  such  a  determina- 
tion would  probably  enable  us  to  get  rid  of  the  main  obstacle  in  the 
way  of  a  reliable  determination  of  the  real  distribution  of  stars  in 
space.  Then  there  is  the  fact  that  we  shall  get  a  criterion  or  even  a 
measure  of  distance,  which  promises  to  be  of  particular  value  where 
other  means  begin  to  fail.  To  see  this  clearly  we  have  only  to  con- 
sider how  uncertain  our  determinations  of  average  parallaxes,  even 
if  obtained  by  means  of  the  parallactic  motion,  become  for  stars  for 
which  the  distance  exceeds,  say,  3000  light-years.  In  the  present 
state  of  science  the  discrimination  between  a  distance  of  3000  and  a 
distance  of  6coo  light-years  must  be  considered  as  practically  impos- 
sible. On  the  contrar}-,  if  space  is  somewhat  uniformly  filled  with 
matter,  the  difference  between  the  absorption  for  the  two  classes  of 
stars  must  be  equal  to  that  between  stars  at  the  respective  distance 
zero  and  3000  light-years. 

Further,  there  is  the  importance  of  getting  an  insight  into  the  true 
spectrum  of  the  stars,  freed  from  the  changes  brought  about  by 
the  medium  traversed  by  light  on  its  way  to  the  obsen-er.  Thus,  for 
instance,  is  it  not  possible  that  the  somewhat  strange  phenomenon, 
that,  according  to  Huggins,  stars  of  Secchi's  second  type  often  show 
spectra  which,  in  the  more  refrangible  part,  are  more  intense  and 
more  extensive  than  in  the  spectra  of  the  first  type,  is  simply  due  to 
space-absorption  ?  For  it  is  well  known  that  the  average  distance 
of  the  stars  of  the  second  type  is  considerably  smaller  than  that  of 
the  stars  of  the  first  type  of  equal  magnitude. 
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Even  more  important  than  the  general  absorption  here  discussed 
would  be  a  gas-absorption,  producing  space-lines  or  space-bands. 
Indications  of  such  an  absorption  might  be  obtained  as  above  by 
comparing  stars  having  spectra  of  the  same  class  but  of  widely  different 
proper  motion.  There  would  be,  however,  a  decisive  criterion  by 
which  we  might  prove  or  disprove  the  reality  of  our  results.  If  there 
are  space-lines,  they  must  not  share  in  that  part  of  the  radial  motion 
which  is  due  to  the  motion  of  the  stars  themselves.  The  space- 
lines  must  thus  show  their  nature  in  somewhat  the  same  way  as  the 
atmospheric  lines  of  the  solar  spectrum  in  Cornu's  well-known 
experiment. 

As,  however,  I  have  no  evidence  as  to  the  real  occurrence  of  such 
lines  or  bands,  no  more  need  be  said  about  them  at  present.  I 
am  permitted  to  say  in  conclusion,  that  in  the  program  of  the  stellar 
work  for  the  five-foot  reflector  of  the  Mount  Wilson  Solar  Observatory 
some  stars  chosen  wdth  special  reference  to  the  subject  of  the  present 
paper  will  be  included. 

Mount  Wilson  Solar  Observatory 
October  1908 


SPECTRUM   OF  COMET  MOREHOUSE  (1908  c; 

By  EDWIN  H.  I-ROST  and  J.  A.  TARKHURST 

Our  intention  to  study  this  spectrum  with  the  Zeiss  doublet  and 
objective-prism  was  put  into  effect  on  October  28.  The  ease  with 
which  a  strong  impression  was  obtained  on  a  photographic  plate 
showed  that  we  might  have  begun  observations  considerably  earlier, 
when  the  comet  was  much  less  bright.  At  that  date  an  exposure 
of  tiftecn  minutes  was  adequate  to  give  distinctly  the  spectrum  of 
the  head  as  a  row  of  seven  knots.  With  an  exposure  of  half  an 
hour  most  of  these  extended  out  into  the  tail  for  at  least  3°.  On 
many  of  the  later  exposures  the  images  of  the  tail  ran  otT  the  plate, 
the  edge  of  which  was  3? 5  from  the  head. 

The  scale  of  the  spectrum  is  exceedingly  small,  as  the  focal  length 
of  the  objective  is  only  81 . 4  cm  (aperture  14.5  cm)  and  the  prism  has  an 
angle  of  but  15°.  The  distance  from  H^  {X  4861)  to  H6  {X  3798)  in 
a  stellar  spectrum  is  only  3 .  o  mm,  whence  it  is  evident  that  but  a  sHght 
degree  of  accuracy  can  be  expected  in  the  determination  of  wave- 
lengths. All  the  optical  parts  are  of  the  ultra-violet  ("  U.V. ")  glass 
of  Schott  &  Co.,  so  that  the  transparency  is  excellent  for  the  more 
refrangible  portions  of  the  spectrum. 

Twenty-one  satisfactory  plates  were  obtained  with  the  objective- 
prism  on  eleven  dates,  ending  with  December  2,  when  the  comet 
was  too  far  west  for  further  observations. 

As  the  identification  of  the  knots  in  the  spectrum  could  only  be 
made  by  assuming  the  wave-length  of  some  one  of  them,  we  attempted 
to  get  plates  with  a  slit-spectrograph,  attaching  to  the  same  telescope 
the  small  quartz  spectrograph  designed  for  use  with  the  two-foot 
reflector.  This  instrument  has  colhmator  and  camera  lenses  of 
"U.V."  glass,  of  aperture  2  cm  and  focal  length  15  Cm,  and  a  Cornu 
quartz  prism  of  60°  angle.  The  scale  of  the  plates  is  about  one-sixth 
smaller  than  with  the  objective-prism. 

Comparison  spectra  of  helium  and  hydrogen  were  tried;  the  small 
tube  of  helium  specially  adapted  for  the  apparatus  unfortunately 
gave  very  strongly  the  spectrum  of  the  negative  pole  of  nitrogen, 
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largely  masking  the  helium  lines;  the  hydrogen  tube  could  not  be 
attached  very  conveniently.  Metallic  comparison  spectra,  for  which 
the  apparatus  is  arranged,  cannot  be  well  employed,  as  the  lines  run 
together  too  much  with  the  wide  slit  necessary  for  the  cometary 
spectrum. 

We  obtained  our  best  results  with  the  use  of  Vega,  then  not  far 
from  the  comet,  by  allowing  the  star  to  trail  along  the  portion  of  the 
length  of  the  slit  not  occupied  by  the  comet's  head.  The  cross-wires 
in  the  guiding  telescope  made  it  possible  to  put  the  star  at  a  desired 
position  in  the  slit  with  considerable  accuracy.  The  wave-lengths  of 
the  cometary  bands  were  thus  established  with  a  better  degree  of 
precision  than  we  had  expected  in  view  of  the  wide  slit  and  small 
scale.  Satisfactor)'  plates  were  obtained  with  the  quartz  spectrograph 
on  four  nights,  with  exposures  of  from  one  to  three  hours,  as  indicated 
in  the  journal  of  observations.  All  of  the  plates  wTre  taken  by 
Parkhurst  with  such  assistance  from  Frost  as  was  occasionally 
necessar)'. 

On  the  evening  of  October  30  an  exposure  of  1 58  minutes  was  made 
by  Frost  and  Barrett  with  the  Bruce  spectrograph  (used  with  one 
prism)  attached  to  the  40-inch  refractor.  Guiding  was  very  difficult 
from  the  extreme  faintness  of  the  comet  in  the  long-focus  finder  {a  = 
ID  cm,  /=  19  meters).  No  trace  of  an  impression  due  to  the  comet 
could  be  detected  on  the  plate.  The  great  refractor,  with  its  long 
focal  length,  is  obviously  unsuited  for  such  an  object. 

In  the  column  "  Plate,"  S  refers  to  the  Seed  "  27 ; "  S  to  the  Lumifere 
"Sigma"  plate,  of  which  recent  emulsions  show  very  high  speed; 
and  P-i  denotes  a  Seed  "27"  bathed  according  to  the  Wallace 
"  Pan-iso  "formula. 

In  examining  the  first  plate  we  were  struck  by  the  lack  of  a  con- 
tinuous spectrum,  and  a  careful  search  for  it  has  been  made  on  all 
the  plates.  We  can  state  that  there  is  no  certain  evidence  of  its 
presence  on  any  plate,  whence  we  must  infer  that  at  this  period  the 
amount  of  refiected  light  was  very  small  relatively  to  the  intrinsic 
light  from  the  radiations  of  carbon,  cyanogen,  and  in  the  unidentified 
bands. 

The  general  appearance  of  the  spectrum  is  shown  by  Plates  IV  and 
V.     The  knots  do  not  present  the  impression  of  bands,  being  images 
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Comparison:   Vega 
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of  the  comet's  entire  head ;  with  the  <iuart/.  si)ectroKra|)h  and  narrower 
slit,  they  become  elongated,  and  also  extend  into  the  tail.  Plate  IV, 
Fig.  I,  repro<luces  spectrogram  Q  221,  with  comparison  sjiectrum 
from  helium  tube,  yielding  chieHy  the  nitrogen  bands.  On  the 
negative  the  tail  aj)pears  above  the  comparison  sjx^ctrum.  In  Fig, 
2,  from  i)late  Q  226,  the  comparison  spectrum  was  supplied  by  Vega. 
Hfi  is  just  visible  at  the  right  edge  of  the  star's  spectrum.  The  slit 
was  here  0.07  mm  wide,  or  about  one-fourth  as  wide  as  in  Fig.  1. 
The  comet's  bands  here  look  like  tadpoles,  the  e.xtension  upward 
being  of  course  due  to  the  comet's  tail.  Fig.  3  of  Plate  IV  is  given 
to  show  the  knot  in  the  green  at  X  5165  as  it  appears  on  OP  220, 
taken  on  a  plate  bathed  by  the  Wallace  "Pan-iso"  formula. 

JOt'RN.\L  i)V  ()BSERV.\TIONS 
Slit-Spectrograph  Plates 


No. 


Date 


Begun      Ended 
C.  S.  T. 


Plate 


Slit- 
Width 


Comparison 
Spectrum 


Q  221  . 
224. 
225. 
226. 


1908 
Nov.     4 
16 

17 
18 


fth      O™  9^     O"' 

5  39  7    49 

6  o  8    15 
5     30  8      o 


mm 
0.27 
0.07 
0.07 
0.07 


Helium  tube 
Ve^a  trails 
Ve^a  trails 
Vega  trails 


Objective-Prism  Plates 


No. 

Date 

Begun 

Ended 

Plate 

Remarks 

1908 

OP212... 

Oct.    28 

6h 

i;;m 

-h  ijin 

s 

Good,  streamers  traced  1° 

213.. . 

7 

2S 

8    25 

V 

Strong,  streamers  traced  2° 

214.. ■ 

8 

S2 

9     17 

s 

Weak,  thick  skv 

215... 

29 

6 

22 

6    40 

s 

Weak,  thick  sky 

216... 

7 

s 

7    40 

2 

Strong,  fair 

217... 

8 

47 

9    21 

S 

Best  plate 

218... 

9 

2=^ 

9    58 

P-i 

Knot  X  5165  shown 

219. . . 

30 

6 

8 

6    29 

s 

Strong  good 

220. . . 

6 

35 

7    " 

p-i 

Strong,  good 

221. . . 

8 

23 

8    53 

S 

3  exposures,  5,  10,  15™ 

222.  .  . 

8 

56 

9    57 

s 

\  ery  strong 

223... 

Nov.     5 

6 

7 

6    22 

s 

Weak,  moonlight 

224... 

6 

24 

6    34 

s 

Weak,  moonlight 

226.  .  . 

9 

7 

23 

7    35 

2 

Weak,  moonlight 

227... 

II 

6 

22 

6    57 

s 

Strong,  good 

229.  .  . 

19 

5 

40 

6    40 

2 

Strong,  good 

230... 

6 

42 

7      6 

2 

2  exposures,  7,  16™ 

232... 

21 

5 

36 

6      6 

S 

\'en.'  good  p'ate 

23s  ••  • 

28 

.S 

27 

5    49 

S 

Fair,  short  exposure,  moon 

238... 

Dec.     I 

5 

30 

5    50 

s 

Fair,  short  exposure,  moon 

239... 

2 

5 

24 

5    44 

s 

Fair,  short  exposure,  moon 
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MEASUREMENTS 

The  plates  were  measured  independently  by  the  two  observers 
with  different  machines;  those  taken  with  the  slit-spectrograph  were 
given  the  greater  attention.  The  wave-lengths  are  referred  to  the 
hydrogen  lines  of  Vega.  Owing  to  photographic  irradiation,  depend- 
ent upon  the  intensity  of  the  image,  the  edge  of  a  knot  is  a  very  uncer- 
tain point  to  set  upon,  in  no  case  a  sharp  edge.  It  was  often  impossible 
to  set  upon  anything  but  the  middle  of  a  knot,  but  where  feasible, 
settings  were  made  on  both  edges. 

The  mode  of  reduction  was  also  independent  for  the  two  observers. 
Frost  employed  a  Hartmann  formula  derived  from  settings  on  H^, 
Hy,  and  H6,  for  the  spectrograph  plates,  and  similar  formulae  for 
the  objective- prism  plates  from  stellar  spectra;  for  the  ultra-violet 
region  the  formula  was  derived  from  He,  Ht),  and  i//*.  The  wave- 
length 4268,  as  obtained  with  the  spectrograph  for  the  center  of  the 
most  symmetrical  knot,  was  assumed  for  all  objective-prism  plates, 
of  which  Frost  measured  the  best  seven.  The  deviation  of  the  separate 
values  from  the  mean  given  in  the  table  is  less  than  might  be  expected; 
for  instance,  on  the  edge  at  A  474,  it  is  7  tenth-meters;  for  the  centers 
of  the  four  best-defined  knots  (A  4268  necessarily  excluded),  it  is 
3.5  tenth-meters. 

Parkhurst  derived  his  wave-lengths  from  a  curve  dra\\Ti  from  the 
stellar  hydrogen  hnes.  He  measured  ten  of  the  best  objective-prism 
plates  in  one  direction,  setting  on  the  centers  of  the  knots,  and  reduced 
by  a  cur\-e  from  hnes  in  the  spectrum  of  Vega,  then  adjusting  the 
wave-lengths  to  the  system  of  the  slit-spectrograph  by  using 
the  wave-lengths  of  the  five  best-defined  knots,  A  4716,  4601, 
4268,  4015,  and  3883.  The  agreement  of  these  measures  of  the 
objective-prism  plates  may  be  regarded  as  satisfactory,  the  residuals 
from  the  mean  of  the  ten  plates  averaging  5  tenth-meters,  and  the 
largest  value,  for  a  poor  Hne,  being  17  tenth-meters.  The  wave- 
lengths at  the  extreme  ends  of  the  spectrum  are  extrapolations  and 
subject  to  some  additional  uncertainty,  but  they  have  been  checked 
by  measures  on  stellar  plates  extending  to  those  regions. 

In  addition  to  the  bands  tabulated  above,  faint  and  doubtful 
lines  were  measured  as  follows  on  some  of  the  objective-prism  plates: 
by  F.  on  four  plates  at  A  411,  415,  413,  414;  by  P.  on  three  plates  at 
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A  413,  413,  413,  mean  A  413.  F.  also  mciisund  a  marking  on  three 
plates  at  X  4369,  4390,  4376,  mean  A  4378.     We  do  not  identify  these. 

In  forming  the  "adopted  wave-length,"  we  have  given  to  the  deter- 
minations with  the  slit  sj)ectrograi)h  a  weight  of  3,  the  mean  of  the 
results  of  the  two  observers  with  llu-  ohjective-prism  receiving  a 
weight  of  I. 

We  avoid  the  still  unsettled  question  of  the  precise  origin  of  the 
"carbon"  bands  (of  the  so-called  "Swan"  spectrum)  which  have 
been  so  often  ascribed  to  a  hydrocarbon,  specifically  acetylene,  and 
we  use  for  them  the  simple  designation  "carbon." 

The  presence  of  the  third  and  fourth  bands  on  our  plates  seems 
to  be  beyond  a  doubt;  the  absence  of  the  fifth  band  seems  ecjually 
sure.  The  third  cyanogen  band  is  unquestionably  present,  and  the 
fourth  and  first  also  appear  to  be  assured;  but  the  second  is  certainly 
lacking. 

MEASURES  OF  PLATES  WITH  SLIT-SPECTROGR.\PH 


Measures  on 

Q 

224 

Q 

22s 

Q 

226 

Mean 

F. 

P. 

F. 

P. 

F. 

P. 

Edge 

Middle 

Edge 

4744 
4679 

4753 
4720 
4680 

4734 
4718 

4721 

4731 
4715 
4697 

4743 
4709 
4665 

4741 
4717 
4680 

Edge 

Middle 

Edge 

4591 
4548 

4602 

4571 
4542 

4544 

4584 
4568 

4592 
4560 
4520 

4592 
4561 

4537 

Edge 

Middle 

Edge 

4286 
4267 
4248 

4291 
4268 
4248 

4279 
4265 
4252 

4290 
4270 
4250 

4284 
4262 
4242 

4293 
4271 
4240 

4287 
4267 
4247 

Edge 

4020 

4031 

4020 

4022 

4041 

4027 

Middle 

4014 

4016 

4012 

4012 

4013 

4020 

4014 

Edge 

4004 

4002 

3992 

3999 

Edge 

Middle 

Edge 

3919 

3924 
3915 
3905 

3907 

3921 

3922 
3914 
3905 

Edge 

Middle 

Edge 

3894 
3877 
3866 

3900 
3884 
3869 

3882 

3886 

3875 
3866 

3909 
3893 
3872 

3897 
3882 
3868 

Edge 

Middle 

Edge 

3801 
3792 

3790 

3799 

3810 
3796 

3800 

3806 
3795 

6o 
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SUMMARY  OF  RESULTS 


Band 

Slit-Spectrograph 
Mean  of  l*'.andP. 

Objective- Prism 

Adopted 
Wave- Length 

Probable  Identification 

Edge 

Middle 

Edge 

F. 

5138 
5064 

5013 

P. 

5086 

5075 

Third  "Carbon"  Band 
Edge  at  X  5165.3 
(Kayser  and  Runge) 

Edge 

Middle 

Edge 

4741 
4717 
4680 

4739 
4688 

4647 

4699 

4741 
47" 
4672 

Fourth  "Carbon"  Band 
Edge  at  X  4737.2 
(Kayser  and  Runge) 

Edge 

Middle 

Edge 

4592 
4561 
4537 

4601 
4556 
4518 

4565 

4594 
4561 
4532 

First  C.V  Band 
Edge  at  X  4606 . 3 
(Crew  and  Basquin) 

Edge 

Middle 

Edge 

4287 
4267 
4247 

4310 
4267 
4224 

4276 

4293 

4268 
4241 

? 

Edge 

Middle 

Edge 

4027 
4014 
3999 

4049 
4024 
3998 

4027 

4032 
4017 
3999 

? 

Edge 

Middle 

Edge 

3922 
3914 
3905 

3931 

3924 
3914 
3905 

? 

Edge 

Middle 

Edge 

3897 
3882 
3868 

3916 

3887 
3862 

3887 

3902 
3883 
3867 

Third  C.V  Band 
Edge  at  X  3883.6 
(Kayser  and  Runge) 

Edge 

Middle 

Edge 

3806 
3795 

381 1 
3792 
3776 

3790 

3807 
3794 

? 

Edge 

Middle 

Edge 

3703 
3687 
3677 

3686 

3686 

? 

Edge 

Middle 

Edge 

3609 
3540 
3510 

3594 
3528 
3509 

3602 
3534 
3510 

Fourth  CN  Band 
Edge  at  X  3590 . 5 
(Kayser  and  Runge) 

Attention  may  properly  be  drawn  to  the  fact  that  the  only  lines  in 
this  region  in  the  "line  spectrum"  of  carbon  are  at  /  4267  and  X  3920, 
but  this  cannot  be  regarded  as  an  identification.  The  edge  of  the 
first  of  these  is  at  about  431,  in  agreement  with  a  line  photographed 
by  Campbell'  in  comet  1893  II,  falling  at  the  edge  of  the  violet  carbon 
band  at  /4312  (Angstrom  and  Thalen).  The  line  at  about  A  437 
may  be  identical  with  a  bright  line  ])hotographed  by  Cami)bell  in  that 
comet  at  /  4366. 

•  Astronomy  and  Astrophysics,  12,  652,  1893. 
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Wc  arc  aware  that  our  results  dilTc-r  considiraljly  from  those  pub- 
lished while  our  observations  were  in  jjrogress  by  MM.  de  la  Haume 
Pluvinel  and  Haldet,"  and  by  MM.  Deslandn-s  and  lUrnard,-'  who 
also  employed  prismatic  cameras.  The  first  named  observers  aj^ree 
with  us  in  detecting  no  trace  of  continuous  spectrum  (dates  reported, 
October  4,  5,  and  7),  and  in  seeing  on  the  plate  seven  distinct  mono- 
chromatic images  of  the  comet.  Their  wave-lengths  differ,  however, 
materially  from  ours:  for  the  first  two  knots  being  more  than  100  tenth- 
meters  less.  For  the  knots  of  shorter  wave-length  the  agreement  is 
better.  Their  values  are:  /  465-458;  448;  421;  397;  388-385; 
376;  367.  They  regard  the  "carbon"  bands  as  absent:  "  Ce  qui 
frappe  tout  d'abord  dans  ce  spectre,  c'est  I'absence  des  raies  du 
spectre  des  hydrocarburcs.  La  com^te  Morehouse  semble  done 
faire  e.xception  a  la  r^gle  gdnerale,  car  on  sait  c^ue  les  spectres  come- 
taires  j)resentent  toujours  les  bandes  des  hydrocarburcs."  Per 
contra,  they  regard  the  cyanogen  bands  as  fully  rej)resented:  "Si  le 
spectre  des  hydrocarburcs  fait  defaut,  Ic  spectre  du  cyanog^ne  se 
trouve  au  complet."  We  dilTcr  from  them  here  in  being  unable  to 
detect  a  trace  of  the  second  CN  band,  with  its  edge  at  /  4216. 

When  they  used  a  prism  giving  increased  dispersion  they  found 
that  all  the  images  of  the  comet  became  double.  We  have  examined 
our  plates  carefully  for  such  duplication,  particularly  since  these 
papers  appeared  in  Complcs  Reniius,  but  we  cannot  detect  it,  although 
on  one  or  two  plates  there  was  a  suggestion  of  duplicity  at  the  band 
with  center  at  A  402. 

MM.  Deslandres  and  Bernard  are  unable"  to  establish  with  cer- 
tainty any  trace  of  the  "carbon"  bands:  "mais  nous  n'aurons  pu 
constater  aucune  trace  certaine  des  bandes  des  hydrocarburcs, 
emises  en  general  fortement  par  les  com^tes,  surtout  dans  le  vert." 
They  also  find  a  continuous  spectrum  on  all  of  their  plates  (observa- 
tions beginning  on  October  14) :  "il  est  visible  dans  la  tete,  et  dans 
la  queue  jusqu'k  une  grande  distance;  mais  il  a  une  intensite  relative- 
ment  bien  moindre  que  dans  le  combte  Daniel." 

The  wave-lengths  published  by  MM.  Deslandres  and  Bernard 
are  in  excellent  agreement  with  our  determinations:  our  ditTerence 
in  inter})retation  or  identification  therefore  represents  a  difference  in 

'  Com  pies  Rendus,  147,  666,  October  19,  1908. 
2  Ibid.,  147,  774,  Xovember  2,  1908. 
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judgment.  As  it  is  well  established  that  measurements  on  cometan- 
bands  are  likely  to  be  systematically  too  small,  we  regard  it  as  highly 
probable  that  a  band  measured  at  4713  really  has  its  edge  at  A  4737, 
hence  is  the  fourth  carbon  band.'     Their  values  are  as  follows: 

\  4713       S  4279        3881 
\  4688      \  4256       3869 

466  4232?  {^^4 

S  4572  \  4023  368 

\  455  (  4003  356 

4524  3914  iiZ'^ 

The  bands  with  centers  at  A  4561,  4267,  and  4013  were  also  ob- 
served by  them  in  comet  Daniel,  and  similarly  by  Chretien  and 
by  Evershed. 

The  relation  between  the  knots  and  streamers  sho^^Tl  on  the  objec- 
tive-prism plates,  and  the  corresponding  direct  photographs,  is  quite 
clearly  shown  in  Plate  V,  where  the  spectrum  plates  of  October  29 
and  30  and  the  nearly  simultaneous  direct  photographs  taken  by 
Professor  Barnard  with  the  Bruce  camera  are  placed  side  by  side. 
The  focal  lengths  of  the  Bruce  and  Zeiss  lenses  are  nearly  the  same, 
78.4  cm  and  81.4  cm  respectively;  and  the  engravings  are  on  the 
same  scale.  The  pictures  would  then  be  directly  comparable  were  it 
not  for  the  fact  that  the  exposures  with  the  Bruce  were  somewhat 
longer  than  with  the  Zeiss,  and  the  light  was  concentrated  in  one 
image;  so  that  the  Bruce  images  are  enlarged  to  a  greater  extent 
by  photographic  irradiation,  which  must  be  allowed  for  in  making 
the  comparison. 

The  relative  intensities  of  the  brighter  head-knots  cannot  be 
inferred  from  the  engravings,  as  the  exposures  were  too  long;  but 
shorter  exposures,  for  example  on  plates  221,  230,  and  232,  show  that 
the  knot  at  X  3883  is  the  strongest  photographically,  followed  in  order 
by  the  knots  at  A  4268,  471 1,  4017,  4561,  3914,  3794,  3534,  and  3686. 

I  A  reference  to  Campbell's  paper  on  the  spectrum  of  Daniel's  comet  {Astrophysi- 
cal  Journal,  28,  234,  October  1908)  shows  that  on  plates  taken  with  a  slit-spectro- 
graph  with  much  higher  dispersion,  the  same  description  "very  bright,  well  defined" 
is  applied  to  the  first  four  edges  of  the  fourth  carbon  band  at  X  4737,  4715,  4697,  and 
4684.  If  these  four  bright  radiations  were  run  together  by  a  low  dispersion,  the 
wave-length  of  the  center  would  fall  quite  close  to  4710.  Is  it  impossible  that  some 
of  the  duplicities  or  complexities  reported  in  the  bands  are  due  to  the  resolution  of 
the  pdflitional  edges? 
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This  order  also  holds  for  ihc  slit-spcctrograph  plates.  On  the  Pan- 
iso  plates  the  knot  in  the  green  at  X  5165  is  about  as  bright  as  that  at 
A  4601.  The  photographs  give  no  grounds  for  sus|)ecling  any  change 
in  the  above  order  during  the  ])eriod  of  3:^  days  covered  by  the  obser- 
vations. 

In  tracing  the  relation  of  the  tail  streamers  to  the  knots,  we  are 
struck  at  first  glance  by  the  fact  that  the  streamer  j)roceeding  from 
knot  /4711,  though  certainly  present,  is  ver\'  weak  compared  to  the 
streamers  from  the  fainter  knots  X  4017  and  4561.  A  closer  examina- 
tion shows  that  the  strongest  knot  of  all,  /  3883,  is  also  deficient  in 
tail-material,  the  streamer  which  seems  to  accompany  it  in  reality 
flowing  mainly  from  the  weaker  knot  X  3914.  Also  these  two  knots 
deficient  in  tail-material  extend  farther  on  the  side  opjx)site  the  tail 
(i.  e.,  toward  the  sun)  than  the  other  knots.  The  chemical  origin 
given  for  the  s{)ectrum  bands  causing  these  knots  does  not  explain  the 
reason  for  these  ])eculiarities. 

The  tracing  of  the  separate  streamers  out  into  the  tail  is  made 
difficult  by  their  interlacing,  but  on  the  best  negatives,  OP  Nos.  217, 
222,  and  229,  they  can  be  traced  more  than  2°  from  the  head,  following 
the  bends  in  the  tail.  In  Fig.  i,  Plate  V,  the  direct  photograph  shows 
two  sharp  streamers  diverging  20°  from  the  main  tail  on  each  side. 
These  streamers  can  be  seen  on  the  corresponding  objective-prism 
negative,  diverging  from  the  knot  X  4267,  thus  showing  that  particles 
of  the  same  constitution  are  thrown  out  from  the  head  at  angles  at 
least  40°  asunder.  The  bearing  of  these  facts  on  the  theory  of  the 
constitution  of  the  tail  is  evident. 

With  the  two  exceptions  already  noted,  the  relative  intensities  of 
the  knots  and  their  corresponding  streamers  are  similar  if  not  identical. 
Also  the  different  plates  which  are  similar  in  quality  show  practically 
identical  spectra;  So  that,  in  spite  of  the  extraordinary  activity  sho\\Ti 
by  this  comet,  the  spectrum  seems  to  have  remained  unchanged 
throughout  the  period  covered  by  these  observations. 

It  is  obvious  that  comet  Morehouse  exhibited  considerable  diflfer- 
ences  in  its  spectrum  from  comet  Daniel  of  the  preceding  year,  one 
important  effect  of  which  was  to  make  it  photographically  active. 
Such  differences  in  comets  are  to  be  expected  from  past  experience,  and 
this  emphasizes  the  importance  of  securing  observations  of  faint  comets 
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with  objcclivc-prisms  at  the  earliest  date  when  an  impression  can  be 
secured.  M.  de  la  Baume  Pluvinel  seems  to  have  been  the  first  in 
recent  years  to  call  attention  to  the  utility  of  this  mode  of  observation, 
in  his  excellent  paper'  on  comet  1902  b.  His  example  does  not  seem  to 
have  been  sufficiently  followed,  however,  until  Daniel's  comet  was  in- 
vestigated in  this  way  by  the  observers  already  mentioned  in  this  paper. 

With  a  sufficiently  long  guiding  telescope,  it  is  possible  before  or 
after  the  exposure  on  the  comet  to  place  a  neighboring  star  in  a  posi- 
tion where  it  may  furnish  with  the  prismatic  camera  a  comparison 
spectrum,  from  which  cometary  wave-lengths  may  be  inferred  wath 
some  degree  of  accuracy  without  any  assumptions.  Of  course  the 
accuracy  of  the  wave-lengths  cannot  compare  with  that  yielded  by  a 
powerful  slit-spectrograph.  Besides  having  great  light-power,  the 
prismatic  camera  is  alone  capable  of  depicting  the  spectral  images 
of  the  comet's  tail  and  of  showing  the  distribution  therein  of  the  con- 
stituent radiations.  This  is  particularly  important  when  internal 
changes  are  occurring  rapidly,  and  masses  of  material  are  moving  in 
the  tail.  This  simple  instrument  is  then  wholly  competent  to  test 
Bredichin's  theory  of  a  dififerent  chemical  composition  of  differently 
curved  tails.  It  may  be  remarked,  incidentally,  that  the  compara- 
tively straight  tail  of  comet  Alorehouse  should  have  shown  the  spec- 
trum of  hydrogen,  according  to  that  theory,  instead  of  that  of ''  carbon" 
and  cyanogen. 

A  further  test  of  the  theory  will  be  readily  given  if  plates  were 
obtained  anywhere  with  the  prismatic  camera  on  September  16  (or 
possibly  on  the  days  just  preceding)  when  the  tail  was  violently  curved 
at  a  large  angle  from  its  direction  before  and  after  that  date.  The 
manner  in  which  the  "carbon"  and  cyanogen  radiations  follow 
the  convolutions  of  the  tail,  as  shown  on  Plates  IV  and  V,  make  it 
seem  a  priori  unlikely  that  an  element  not  then  showing  its  character- 
istic spectrum  should  do  so  when  the  deflection  of  the  tail  changes. 

In  the  j)rei)arations  for  Hallcy's  comet,  it  is  therefore  important 
that  objective-]3risms  should  be  provided  for  the  photographic  doublets 
intended  for  its  observation. 

Yerkes  Observatory 
December  1908 

'  Comptes  Rendus,  136,  743,  1903. 
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PHOTOdRAl'llK'  ()HS1:R\  ATIOXS  OV  COMET  c  1908 
(MOREHOUSE) 

THIRD  PAPER 
Hy  1:.   K.  BARNARD 

Since  the  two  previous  papers  were  written  (see  this  Journal  for 
November  and  December)  the  comet  has  presented  a  rather  different 
series  of  phenomena,  marked  mainly  by  long,  slender  streamers  at 
small  angles  to  the  tail  and  by  convoluted  forms  in  the  tail  itself. 
The  previous  pictures  of  it  were  not  remarkable  for  individual  long 
streamers  or  narrow  rays.  The  new  phenomena  appeared  about  the 
middle  of  November.  They  ga\e  the  comet  a  very  beautiful  appear- 
ance, quite  dilTerent  from  almost  any  of  its  previous  aspects,  and  have 
added  much  to  the  interest  of  this  remarkable  body. 

These  new  features  are  perhaps  best  shown  on  the  pictures  of 
November  14,  15,  16,  17,  18,  and  19.  Some  of  these  rays  are  so 
straight  and  slender  that  they  give  the  impression  of  being  shot  out 
with  immense  velocity.  This  is  especially  the  case  in  the  photograph  of 
November  14,  where  a  slender  straight  streamer  apparently  emanat- 
ing in  the  north  side  of  the  tail,  near  the  head,  shoots  out  for  about 
five  degrees  at  an  angle  of  .10°  to  the  axis  of  the  tail.  The  body  of 
the  comet  is  strongly  undulating,  like  a  ribbon  waving  in  the  wind, 
and  has  almost  the  shape  of  a  corkscrew  near  the  head. 

The  most  remarkable  of  these  photographs,  however,  though  not 
the  most  beautiful,  was  obtained  on  November  15.  In  this  picture 
the  main  tail  widens  out  from  a  narrow  neck  attached  to  a  rather  small 
head,  from  each  side  of  which  broad  diffused  brushes  of  light  issue 
at  considerable  angles  to  the  tail.  The  ones  on  the  north  side  extend 
for  several  degrees.  On  the  south  side  of  the  comet  two  slender 
streams,  apparently  originating  in  the  main  tail,  some  distance  back 
of  the  head,  run  back  at  a  slight  angle  for  several  degrees.  The 
outer  one  of  these,  at  a  distance  of  about  2°,  rather  suddenly  makes 
a  considerable  bend  southward  as  though  something  had  deflected 
its  course;  it  then  seemingly  runs  back  again.     A  similar  appearance 
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is  presented  by  the  inner  stream  at  a  greater  distance  out.  This 
last  streamer  is  streaked  along  its  middle  with  lirighter  strips.  The 
main  tail  is  brighter  and  full  of  structure,  and  at  a  distance  of  5° 
from  the  head  it  bends  northward  at  an  angle  of  about  10°  in  a 
great  curve  that  suggests  a  possible  return  to  its  original  direction. 
Its  north  side  is  strongly  undulating.  At  about  two  or  three  degrees 
from  the  head,  in  the  middle  of  the  tail,  is  a  long,  narrow,  curved, 
bright  strip,  which  is  probably  a  streamer  seen  in  projection;  this 
has  the  same  kind  of  deflection  as  the  two  south  streamers. 

In  the  ])hotographs  of  November  17  the  tail  is  full  of  irregular 
bright  masses  and  there  is  a  general  convexity  on  the  south  side,  in 
the  direction  of  motion.  A  very  slender  curved  line  runs  parallel 
to  the  north  side  and  seems  to  begin  at  the  edge  of  the  tail  2°  from 
the  head.  It  can  be  traced  to  a  distance  of  about  8°.  On  each  side 
of  the  head  a  slender  streamer  is  visible  for  about  2°.  The  tail  con- 
nects with  the  head  by  a  very  slender  sinuous  neck.  There  are  decided 
changes  in  the  comet  in  the  interval  of  i^  hours  between  the  two  photo- 
graphs on  this  date. 

The  original  photograph  of  November  19  is  an  exquisite  picture. 
The  tail  seems  to  be  made  up  of  sheetlike  streams  which  are  very 
sharp  at  their  edges;  the  neck,  near  the  head,  has  a  twisted  aspect. 
Of  a  similar  nature  and  equally  beautiful  is  the  ])hotograph  of  Novem- 
ber 16.  That  of  November  18  is  also  very  beautiful.  On  this  last 
date  great  numbers  of  delicate  streamers  shoot  out  symmetrically 
from  the  head  for  several  degrees.  The  main  body  of  the  tail  is 
streaked  and  undulating  and  several  degrees  back  it  brightens  up  in 
curved  masses.  The  entire  comet  is  rich  with  sharp  details  and  is  a 
very  striking  object.  Indeed,  one  of  the  most  remarkable  things 
about  the  later  pictures  of  this  comet  has  been  the  extreme  sharpness 
of  the  structural  details  near  the  head.  In  this  respect  they  are  quite 
diiTerent  from  our  general  ideas  of  a  comet. 

In  any  attempt  to  exi)lain  certain  of  these  features  of  the  comet 
we  are  forced  to  tread  on  very  dangerous  ground,  for  there  is  nothing 
in  the  adopted  theories  of  comets  that  will  explain  them,  and  we  must 
assume  unknown  quantities  that  perhaps  violate  all  our  ideas  of  the 
conditions  existing  in  space  in  the  vicinity  of  the  sun  and  planets. 
But,  as  there  seems  to  be  no  other  explanation,  the  very  fact  that  we 
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arc  (Irivi-n  to  cxtrcmt's  in  the  search  for  a  |)ossiblc  cause  may  lead  to  a 
knowledge  of  interplanetary  concUtions  that  would  never  l)ecome 
known  without  the  aid  of  the  wide  sweei)inj;  tail  of  a  comet. 

What  caused  the  deflection  in  tin-  streamers  of  November  15? 
Certainly  not  the  sun  or  the  comet.  .\s  I  have  suggested  long  ago, 
in  connection  with  another  comet,  there  must  he  some  intluence  at 
work  independent  of  the  pressure  of  the  sun's  light  and  of  the  forces 
at  work  in  the  head  of  the  comet  to  make  these  sudden  changes  in  the 
direction  of  a  comet's  tail  or  of  its  streamers.  If  we  should  supfxjsc 
that  there  are  electrical  conditions  existing  in  the  tail  of  the  comet — 
which  is  highly  ])robable — a  possible  repulsive  condition  might  exist 
locally  at  j)oints  in  the  tail  which  would  force  the  How  of  the  particles 
outward;  or  if  the  conditions  were  right  they  might  be  attracted 
toward  the  seat  of  disturbance.  This  is  a  subject,  however,  for  the 
electrician  and  physicist. 

Are  there  currents  in  interplanetary  sjjace  across  which  the  tail  may 
sweep?  This  is  strongly  suggested  in  previous  cases — especially 
in  the  case  of  Brooks's  comet  of  1893  on  November  2,  where  the  end  of 
the  tail  is  bent  suddenly  backward  almost  at  a  right  angle,  and  where 
the  main  tail  is  strongly  concave  in  the  direction  of  motion.  (See 
Astrophysical  Jourrwl,  22,  251,  1905.)  The  appearance  on  that 
date  strongly  suggests  that  the  tail  was  beating  against  a  resistance  of 
some  sort  in  its  onward  flight.  .^  similar  case  occurred  in  ^forehouse's 
comet  on  Septeml)er  16  where  the  tail  is  violently  curved  from  its 
original  direction.  In  this  case,  however,  the  direction  of  deflection 
is  in  the  direction  of  motion — ahead  of  the  radius  vector;  or  in  other 
words,  the  tail  as  it  left  the  comet  rapidly  moird  jorward  faster  than 
the  comet  itselj.  There  must  have  been  some  force  that  carried  the 
tail  fors\-ard.  The  resultant  of  the  outward  flow  of  the  particles  and 
the  onward  motion  of  the  comet  might  have  curved  the  tail  but  it 
could  only  make  it  move  more  slowly  than  the  comet  and  hence  deflect 
it  in  the  opposite  direction  to  that  shown  in  the  photograph  of  Sep- 
tember 16.  I  have  already  called  attention,  in  Popular  Astronomy  for 
December  1908  (16,  593),  to  the  fact  that  the  masses  in  the  tail  of 
the  present  comet  on  October  15  were  moving  faster  through  space 
(perpendicular  to  the  radius  vector)  than  the  comet  itself. 

In  pursuance  of  this  subject  I  may  be  permitted  to  tiuotc  the  follow- 
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ing  from  a  paper  of  mine  in  Monthly  Notices  of  the  Royal  Astronomical 
Society,  59,  355,  March  1899: 

Unlike  the  planets,  the  comets  often  traverse  the  entire  solar  system.  They 
are,  therefore,  our  only  means  of  exploring  the  regions  between  the  planetary 
orbits.  Instead  of  ponderous  bodies  like  the  planets,  they  are  but  flimsy  creations 
of  enormous  dimensions.  They  are  thus  likely  to  be  easily  subject  to  disturb- 
ances in  their  forms  that  would  produce  no  perceptible  effect  on  their  motions. 
What  these  influences  may  be  we  do  not  know:  probably  swarms  or  streams  of 
meteors,  which  we  know  do  exist  in  space,  or  possibly  some  other  cosmical  matter 
yet  unknown.  Such  objects  might  be  (and  possibly  have  been)  revealed  to  us 
by  their  effect  upon  the  form  of  the  comet's  tail  as  it  sweeps  through  space. 

I  believe  these  remarks  are  just  as  pertinent  today  as  they  were  ten 
years  ago. 

After  Novem.ber  21  continued  cloudy  weather  prevented  any  obser- 
vations of  the  comet  until  November  28  when  an  exposure  was  secured 
in  a  moonlit  and  densely  hazy  sky.  Clouds  again  cut  off  the  view 
until  December  i  and  2  when  a  bright  moon  interfered  badly,  and 
after  this  cloudy  weather  occurred  again. 

LIST  OF  NEGATIVES  OF  THE  COMET 
(Continued  from  the  December  number) 


Central  Standard 
Time 

Middle  of 
Exposure 

1 

Duration 

Central  Standard 
Time 

Middle  of 
Exposure 

Duration 

1908 
Nov.  13 

13 

IJ. 

6h  2<i^ 

7     58 
6    47 
6      6 

6  7 

7  10 

8  19 

6  21 

7  37 

6  7 

7  25 
.  6      9 

7     25 

oh    c^c)™ 

I        5 
I         2 
0     40 

0  48 

1  3 

0  44 

1  13 
I       0 
I        I 
I      10 
I       3 
I       9 

1908 

Nov.  20 

20 

21 

28 

Dec.     I 

2 

2 

'                4 

7 

9 

II 

13 

6h  35m 

7     55 
6       9 
6       8 
5     55 

5  43 

6  15 
6     14 

5     43 
5     56 
5     59 
5     55 

ih  20™ 

0  40 

1  II 

ic 

I       18 

16 

0     41 

16 

0       22 

16 

17 

0       24 
0       26 

17 

0       20 

18 

0       36 
0       38 

0    33 

18 

10 

With  the  exception  of  November  16,  17,  and  20  and  December 
2  the  exposures  with  the  3.4-inch  lens  were  simultaneous  with  the 
other  two  lenses.  The  following  table  gives  the  exposures  with  this 
lens  for  the  above  dates : 
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Central  Standard 
Time 

Kxposure     ,         >"»""" 

Central  Standard 
Time 

Middle  of 
LzpcMure 

Duration 

igoS 
Nov.  i6 

6h  i4ni 

7    46 
6   56 

ih    501 
3     33 

1008 

Nov.  30 

Dec.     3 

6      0 

2h35m 

0   55 

16 

17 

In  the  following  table  is  given  the  appro.ximate  length  of  the 
comet's  tail  taken  from  the  photographs  made  with  the  small  lens. 
Clouds,  moonlight,  or  bad  sky,  in  some  cases,  will  have  prevented 
all  the  tail  being  showTi,  but  in  general  I  think  the  full  length  is  visible 
on  these  plates.  On  November  15,  by  averted  vision,  I  could  faintly 
trace  the  tail  with  the  eye  for  10°,  as  measured  on  a  star  chart.  The 
exposure  on  this  night  was  cut  short  by  clouds  which  would  doubtless 
account  for  the  less  length  of  the  tail  on  the  photographs.  Yet  on  the 
picture  with  the  6-inch  lens  it  can  be  traced  readily  for  10° — to  the 
edge  of  the  plate. 


ESTIMATES  OF  THE  LENGTH  OF  THE  T.\IL  OF  THE  COMET  FROM 
NEGATIVES  WITH  THE  3.4-IXCH  LENS 


1908 

Sept.    2 3° 

6 4 

7 2 

8 4 

16 4 

18 2 

19 3 

21 6 

23 6 

25 6 

26 6 

29 6 

30 9 

Oct.     1 8 

2 6 

3 8 

4 4 

5-' •■  7 

6 8 

7 4 

8... 3 


1908 

Oct.     9 4° 

II 9 

12 7 

13 6 

14 7 

15 8 

16 5 

17 6 

21 7 

28 9 

29 9 

30 II 

31 9 

Nov.    1 8 

2 7 

3 8 

4 9 

5 9 

6 6 

8 7 


1908 

Nov.    9 7° 

10 9 

II 10 

13 7 

14 8 

15 8 

16 10 

17 9 

18 10 

19 10 

20 8 

21 8 

28 8 

Dec.    1 7 

2 4 

4 3 

7 2 

9 7 

II 8 

13 3 


In  reference  to  the  great  disturbance  of  September  30,  remnants 
of  the  tail  discarded  by  the  comet  on  that  date  are  also  visible  on  the 
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plates  with  the  small  lens  on  October  2  and  3  (besides,  of  course,  on 
October  i,  where  the  old  tail  is  conspicuous). 

The  beginning  of  the  disturbance  shown  in  the  tail  on  October  6, 
which  so  much  resembles  that  oj  October  15,  is  doubtless  visible  on 
the  plates  of  October  5,  where  there  is  a  large  mass — really  the  rear 
end  of  a  disconnected  tail — at  a  distance  of  about  j°  from  the  head. 
Evidences  of  this  disturbance  are  still  seen  on  the  photographs  of 
October  7. 

Yerkes  Observatory 
December  5,  1908 


ADDENDUM 

Since  the  above  was  in  type  there  have  appeared  in  Astronomische 
Nacliricliten,  No.  4287,  a  photograph  of  the  comet  taken  on  October 
15  at  the  Observatory  of  Geneva  by  ]\I.  Pidoux,  and  in  Bulletin  de 
la  Societe  Astronomiqiie  de  France  for  December  a  photograph  taken 
on  the  same  date  by  M.  Quenisset  at  Juvisy  (M.  Flammarion's 
observatory).  These  pictures  add  a  remarkable  interest  to  the 
comet,  for  they  clear  up  any  uncertainty  as  to  the  origin  of  the  masses 
shown  in  the  tail  of  the  comet  on  that  date  (see  Plate  XXXII  in  the 
Aslro physical  Journal  for  December  1908).  The  first  of  these 
photographs  was  made  about  8  hours  and  the  other  7  hours  earlier 
than  my  photograph.  On  the  Geneva  picture  at  about  20'  from  the 
head  there  is  a  strong  bend  in  the  tail  but  no  masses.  On  the  Juvisy 
plate  this  bend  is  stronger  and  more  suggestive  of  the  appearance 
shown  on  the  photographs  taken  in  this  country.  It  is  very  clear  from 
these  pictures  that  the  masses  were  not  thrown  off  as  such  from  the 
comet,  but  had  their  origin  in  a  disruption  of  the  tail  which  must  have 
occurred  a  short  time  previous  to  Greenwich  7^  o*"  on  October  15. 
This  accords  exactly  with  my  idea  that  the  tail  of  the  comet  suffered 
encounters  with  some  sort  of  disturbing  medium  in  space.  If  there 
should  be  photographs  made  several  hours  previous  to  the  picture  by 
M.  Pidoux,  it  will  doubtless  be  seen  that  the  tail  was  straight  and  that 
it  subsequently  encountered  something  that  bent  and  distorted  it. 
What  that  something  is  I  have  tried  to  show  in  a  i)aper  read  before 
the  meeting  of  the  Astronomical  Section  of  the  American  Association 
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lor  the  Advancement  of  Science,  at  the  Baltimore  meeting  in  Decem- 
ber, present.  In  that  })ai)er  1  have  shown  that  there  must  be  some 
intluence,  perhaps  of  a  local  and  tem|)<)rary  nature,  in  the  i)lanetary 
spaces  that  can  retard  or  accelerate,  and  disruj)t  a  comet's  tail  when 
struck  by  it.  It  v/as  suj^'jj^ested  that  this  may  come  from  energies 
originating  in  disturbances  on  the  sun— j)erha|)s  of  a  similar  nature 
to  those  that  cause  magnetic  disturbances  and  auroral  elTecls  on  the 
earth. 

The  comet  has  now  ])assed  to  the  southern  hemis{)here  and  is 
out  of  reach  of  all  northern  observatories.  CMoudy  weather  here  in  the 
first  half  of  December  i)ermitted  but  few  observations  of  the  comet. 
Exposures  were  made,  however,  every  time  that  it  could  be  seen.  The 
last  picture  was  made  on  December  13,  when  the  comet  was  close  to 
the  horizon.  This  showed  a  tail  about  3°  long.  The  plates  of  Decem- 
ber 9  and  1 1  arc  very  interesting.  The  one  of  the  i  ith  is  very  remark- 
able— indeed  it  is  one  of  the  most  remarkable  of  the  entire  scries. 
Though  the  comet  was  close  to  the  horizon  on  that  date,  the  tail 
shows  for  a  length  of  8°.  It  is  convex  on  the  south  side — in  the 
direction  of  motion — and  looks  as  if  it  were  encountering  a  resistance. 
About  2°  from  the  head  is  a  mass  30'  long;  while  at  a  distance  of  2° 
50'  a  considerable  portion  of  the  tail  is  apparently  shattered  and 
thrown  away  to  the  north.  On  December  9  a  peculiar  mass 
appears  in  the  middle  of  the  tail,  while  the  outlines  of  the  tail  are 
definitely  bounded  by  two  diverging  streamers. 

By  additions  to  the  proofsheets  I  have  made  the  above  list  com- 
plete for  my  series  of  photographs  of  the  comet.  It  is  to  be  hoped 
that  other  observers  will  print  similar  lists  so  that  the  photographic 
history'  of  the  comet  may  be  known  and  located. 

Erratum. — In  my  paper  in  the  December  number,  in  the  fifth  line  from  the 
foot  of  p.  387,  for  October  27  read  October  29. 

December  31,  1908 


ON  THE  COLORS  OF  SOAIE    OF   THE    STARS   IN   THE 
GLOBULAR  CLUSTER  M  13  HERCULIS 

By  E.  E.  BARNARD 

Over  eight  years  ago  in  the  Astrophysical  Journal  for  October 
1900  (12,  176-181)  I  called  attention  to  some  "abnormal"  stars  in 
the  globular  cluster  ^113  Hercidis.  It  was  shown  that  certain  stars 
of  the  cluster  which  were  visually  faint  were  relatively  very  bright  on 
a  photograph  taken  with  the  Potsdam  Astrographic  refractor.  So 
great  was  this  difference  that  I  thought  the  stars  in  question  were 
variable,  but  they  did  not  prove  to  be  so.  The  most  remarkable 
of  these  is  Scheiner  148  which,  though  faint  visually,  is  the  brightest 
star  on  the  Potsdam  photograph.  It  is  evident  that  these  photo- 
graphically bright  stars  are  bluer  and  hence  their  light  is  more  actinic 
than  the  average  stars  of  the  cluster. 

Since  the  pubhcation  of  the  above  paper  I  have  found  other  stars 
of  this  class  in  M  13  and  also  in  AI  5  Librae.  About  six  months  ago 
it  occurred  to  me  to  compare  a  photograph  of  ]M  13,  made  with  the 
Potsdam  refractor,  with  one  made  with  the  40-inch  telescope  and  a 
yellow  color-screen.  The  two  pictures  were  copied  to  the  same 
scale  (in  the  negative  form).  They  were  then  placed  in  the  "Blink 
Microscope"  of  the  Zeiss  stereo-comparator.  With  a  single  eye- 
piece and  two  sets  of  prisms  this  instrument  permits  two  negatives 
of  the  same  object  to  be  seen  at  once  superposed.  By  the  aid  of 
a  small  movable  blind,  one  picture  is  alternately  made  instantly  to 
take  the  place  of  the  other.  If  any  object  is  on  one  photograph  and 
not  on  the  other  (or  if  there  in  an  altered  condition),  it  will  at  once 
attract  the  eye  in  a  most  striking  manner. 

When  these  two  plates  were  thus  examined  with  the  blink  micro- 
scope, the  result  was  very  remarkable.  It  was  seen  at  once  that  there 
were  more  of  these"  blue  "stars  in  the  cluster  than  I  had  found  \isually. 
It  was  also  shown  that  there  was  a  considerable  number  of  yellow 
stars.  These  last  were  faint  on  the  Potsdam  plate  but  relatively 
bright  on  that  with  the  40-inch.     Of  course,  visually,  it  is  not  possible 
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to  detect  any  color  in  stars  as  faint  as  those  forminj^  M  13.  They  all 
look  alike  except  in  relative  brigiitness.  From  such  an  inspection 
one  would  think  that  the  stars  in  the  cluster  were  all  white.  The 
above  exjjeriment  shows,  however,  that  in  reality  M  13  consists  of 
stars  of  dilTerent  colors  and  hence  of  diilerent  sj>ectral  types. 

I  am  making  a  catalogue  of  these  blue  and  yellow  stars  in  M  13 
and  hope  to  do  the  same  for  some  of  the  other  globular  clusters.  It 
will  be  interesting  and  important  to  study  the  distribution  of  these 
ditYercntly  colored  stars  in  such  clusters.  There  seems  to  be  a  tend- 
ency to  grouping  of  these  objects  in  some  parts  of  the  cluster. 

I  give  here  a  brief  list  of  some  of  the  blue  stars  (those  abnormally 
bright  on  the  Potsdam  plate),  and  also  a  list  of  some  of  the  yellow- 
stars  (those  abnormally  bright  on  the  40-inch  plate  with  yellow 
color-screen).  The  numbers  are  those  assigned  by  Dr.  Scheiner  in 
his  photographic  catalogue  of  the  stars  in  M  13  ("Der  Grosse  Stern- 
haufen  im  Hercules,  Messier  13")-  The  numbers  in  parentheses  are 
provisional  numbers  given  by  me.  The  places  of  these  last  stars  are 
only  approximate.  Where  the  Scheiner  number  is  questioned  the 
identification  is  not  certain.  The  positions  refer  to  Scheiner's  zero 
star  No.  ^^2,  which  is  in  the  north  edge  of  the  brightest  part  of  the 
cluster.     A  negative  sign  indicates  preceding  in  a  and  south  in  3. 


BLUE  STARS 


148. . . 

171  (8) 

I75-- 
179... 
188... 
216. . . 

234- • • 
382... 

393- • • 
547... 
592... 

(23). •• 
630.  .  . 
667... 

749- ■• 
766... 


—  I 

22 

—  I 

14 

—  I 

12 

—  I 

II 

—  I 

6 

—  0 

54 

—  0 

45 

0 

0 

-1-0 

4 

+0 

45 

-l-I 

I 

-l-I 

3 

-fl 

13 

-t-I 

53 

+  2 

21 

+  2 

43 

—  1' 

44 

—  I 

20 

—  I 

15 

+  0 

I 

4-1 

23 

—  0 

3 

+  3 

0 

0 

0 

—  0 

26 

4-1 

14 

4-0  46 

—  0 

3« 

—  0 

25 

4-1 

16 

—  I 

25 

—  I 

24 

The  star  148  is  very  blue 
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YELLOW  STARS 


i6 

19 

38 

41 

(42)... 

44 

(12)... 

57 

(35)- ■• 
61.... 
(28)... 
64.... 
66.... 

(45)- ■• 
108. . . 
120. . . 
138... 
152?. . 

171  (9) 
203 .. . 
(18)... 
582... 
607. . . 
611?.. 
637. .. 
661. .. 
677.  .. 
686... 

(43)- •• 
769... 


4  33 

-I' 36" 

-4  27 

-I  8 

-3  46 

+  0  7 

-3  37 

+  0  17 

-3  32 

—  2  16 

-3  26 

+  0  20 

-3  25 

—  2  I 

-2  51 

+  0  47 

-2  47 

+  0  47 

-2  45 

—  2  21 

-2  41 

-0  58 

-2  39 

+  0  ^4 

-2  36 

+  1  2 

—  2  20 

—  0  II 

-I  55 

-I  36 

-I  48 

-I  35 

-I  32 

-I  41 

—  I  22 

-0  58 

-I  14 

—  I  20 

—  I  0 

-0  49 

+  0  36 

+  1  45 

+  0  58 

-2  15 

+  1  5 

+  2  40 

+  1  6 

+  3  54 

+  1  16 

+  2  12 

+  1  30 

-4  18 

+  1  35 

—  4  20 

+  1  39 

-3  25 

+  1  52 

-0  48 

+  2  48 

—  0  40 

A  striking  example  of  this  difference  of  color  is  shown  in  (8)  and 
(9)  which  occupy  the  place  of  Scheiner  171  and  wliich  with  Scheiner 
166  form  a  small  close  equilateral  triangle.  On  the  40-inch  plate 
these  three  stars  are  equal  in  brightness.  The  blink  microscope, 
however,  shows  that  (8),  which  is  the  following  of  the  two,  and  (9) 
are  strongly  contrasted  in  color,  (9)  being  strongly  yellow  and  (8) 
blue  while  the  third  star,  166,  is  normal. 

The  two  known  variables  in  this  cluster  which  were  discovered 
by  Professor  Bailey,  and  which  I  have  identified  as  Scheiner  216  and 
630,  are  both  blue  stars.  At  their  maxima,  at  which  time  compari- 
sons are  more  readily  made,  they  are  relatively  brighter  with  the 
regular  photographic  refractors  and  reflectors  than  they  are  visually. 
The  variability  of  the  first  one  of  these  (216)  was  independently  dis- 
covered visually  by  me  (see  Astrophysical  Journal,  12,  182-184,  1900, 
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where  it  was  supposed  to  l)e  new).  I  have  determined  the  period 
of  216  to  be  5 . 1  days,  and  that  of  630  to  be  6.0  days. 

There  seem  to  be  several  other  variables  in  the  cluster.  1  have 
not  verified  their  variability  yet  with  certainty,  but  they  are  under 
observation. 

I  should  stale  thai  in  comparing  with  other  photographs,  made 
with  the  13-inch  Boyden  photographic  refractor  of  the  Harvard 
College  Observatory  and  with  the  33-inch  correcting  lens  over  the 
36-inch  object-glass  of  the  Lick  refractor,  the  difTerences  to  which 
I  have  called  attention  are  not  nearly  so  marked,  though  they  are 
evident.  It  would  seem,  therefore,  that  the  Potsdam  telescope  is 
corrected  to  give  a  stronger  violet  image  than  the  other  two  refractors. 

Yerkes  Observatory 
November  11,  1908 


ON  THE  SEPARATION  IN  THE   MAGNETIC  FIELD   OF 

SOME  LINES  OCCURRING  AS  DOUBLETS  AND 

TRIPLETS  IN  SUN-SPOT  SPECTRA' 

By  ARTHUR  S.  KING 

In  the  "  Addendum"  to  Professor  Hale's  paper  "  On  the  Probable 
Existence  of  a  Magnetic  Field  in  Sun-Spots,"^  it  was  stated  that  a 
number  of  the  iron  and  titanium  lines  appearing  as  doublets  in 
the  spectra  of  sun-spots  appeared  as  doublets  also  in  the  spectrum 
of  the  spark  in  the  magnetic  field  when  observed  at  right  angles  to 
the  lines  of  force,  the  sun-spot  triplets  also  retaining  their  character 
when  observed  in  this  manner.  This  of  course  referred  to  the 
appearance  of  the  lines  under  the  dispersion  then  used,  leaving 
open  the  question  whether  they  would  show  a  higher  order  of  sepa- 
ration when  studied  with  a  view  to  determining  this.  The  next 
step  was  to  observe  the  polarization  of  the  components,  and  this  has 
brought  out  the  fact  that  all  of  the  doublets  hsted  in  the  "Addendum" 
are  in  reality  quadruplets,  and  the  list  has  been  much  extended, 
especially  on  the  side  of  the  titanium  spectrum,  which  has  been  photo- 
graphed through  the  range  from  X  4400  to  /  6400,  not  only  with 
the  light  parallel  to  the  lines  of  force  and  also  at  right  angles  to  them, 
but  in  addition  a  set  of  photographs  has  been  obtained  in  which 
the  light  at  right  angles  to  the  lines  of  force  was  passed  through  a 
Nicol  prism  in  two  positions  90°  apart.  This  operation  separated 
the  light  vibrating  parallel  to  the  force  lines,  producing  the  middle 
component  of  the  normal  triplet,  from  the  light  whose  vibrations  are 
in  a  plane  perpendicular  to  the  lines  of  force,  giving  the  side  com- 
ponents of  the  normal  triplet.  The  great  majority  of  the  iron  and 
titanium  lines  show  the  regular  behavior  of  the  normal  triplet,  the 
middle  component  remaining  single;  but  for  the  Hnes  ayjpcaring 
as  doublets  in  sun-spots,  the  Nicol  when  turned  so  as  to  transmit 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  34. 
»  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  30;  Astrophysical 
Journal,  28,  315-343,  1908. 
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the  light  with  vibrations  paralk-l  to  the  hncs  of  magnetic  force  gives 
the  middle  com[X)nent,  in  all  but  two  cases,  either  as  a  doubled  line 
or  one  of  such  widened  and  dilTusc  appearance  that  evidently  only 
a  lack  of  sulViciently  high  dispersion  stands  in  the  way  of  a  clear 
resolution  of  the  components.  The  spot  triplets  retain  in  all  cases 
their  sharj)  middle  com{)onent  when  examined  in  the  lalx)rator\'  at 
right  angles  to  the  lines  of  force. 

The  following  table  gives  the  character  of  each  line  in  the  spark 
with  the  measurements  of  its  components.  The  last  column,  giving 
the  appearance  of  the  line  in  sun-s[X)ts  and  measurements  when 
these  could  be  made,  was  kindly  contributed  by  Mr.  Adams.  Most 
of  the  measurements  of  spark  lines  were  made  by  Miss  Wickham. 
The  magnetic  field  usually  employed  with  the  titanium  spark  was 
12,500  gausses;  for  iron  about  15,000  gausses.  When  a  stronger 
field  was  employed  for  the  separation  of  dilTicult  lines,  as  in  the  blue 
of  titanium,  the  measurements  were  reduced  to  the  standard  field. 
As  the  separation  of  the  lines  given  at  right  angles  to  the  field  by  the 
light  vibrating  in  a  plane  perpendicular  to  the  lines  of  force  is  the 
same  as  that  given  by  the  light  observed  parallel  to  the  lines  of  force, 
photographs  taken  in  the  latter  way  were  sometimes  used  when 
better  measurements  could  be  thus  obtained;  though  for  most  of 
the  titanium  spectrum  good  photographs  were  available  for  the  two 
positions  of  the  Xicol. 

IROX 


ifP^RtObsen^    AA  Spark.  Trans- 
at  Right  .\ngles  '       rff-^i* 

to  Force  Lines         ^^^^  ttleci' 


AA  Spark. 
Longitudinal  Effect* 


Character  in  Sun-Spots 


6173-55 

Triple 

Xot  separated 

1.094 

Wide    triplet.     Central    line 
about    1    intensity    of    side 
components 

6213.14 

Quadruple 

0.460 

0.840 

Wide  doublet.    AX  =  0.1 36 

6256.57 

Quadruple 

0.438 

Narrow.     Com- 
ponents diffuse 

Widened  3.t  No  evidence  of 
doubling 

6301.72 

Quadruple 

0.287  (scarcely 

resolved) 

0.792 

Wide  doublet.    AX  =  0 .  m8 

6302.71 

Triple 

Not  separated 

1. 144 

Wide  triplet.  Central  line 
about  3  intensity  of  side  com- 
ponents 

633 7  05 

Quadruple 

0-431 

0.880 

Wide  doublet.   AX  =  0.172 

*  These  columns  refer  to  the  spark  in  the  magnetic  field  when  observed  across  the  lines  of  force  and  along 
them  respectively. 

t  The  estimates  of  widening  are  on  an  arbitrary  scale  of  o  to  5. 
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TIT.\XIUM 


X 

SparkObserved 
at  Right  Angles 
to  Force  Lines 

AA  Spark.  Trans- 
verse Effect* 

A  A  Spark, 
Longitudinal  Effect* 

Character  in  Sun-Spots 

4440.49 

Quadruple 

0.144 

O.1S2 

Narrow.        Strengthened     but 
scarcely  widened 

4444-73 

Quadruple 

0.189 

0.202 

Narrower    than    in    disk    and 
probably  slightly  weakened 

4450.65 

Sextuple 

0.189 

0.245  (mean  for 
two  pairs) 

Possibly  slightly  strengthened; 
not  widened.    Enhanced  line 

4464.62 

Quintuple 

0.213 

I  0.204 
(_  0.214 

Slightly  weakened  and  nar- 
rowed 

4471.02 

Quadruple 

0.398 

0.460 

Widened  2 

4471.40 

Septuple 

Too  diffuse  to 

Inner  pair  0.094 

Widened   2.     Much  strength- 

measure 

Outer  pair  0.258 

ened 

4439  24 

Quadruple 

0.134 

0.329 

Widened    2.      Blends    with 
4489 . 3 

452748 

Septuple 

(0.124 
(^  0.122 

Inner  pair  0.232 
Outer  pair  0.510 

Widened   3.     No  evidence  of 
doubling 

4529  65 

Quadruple 

0.181 

0.258 

Blends  with  4529.7.     Appar- 
ently little  affected 

4544  83 

Septuple 

r  0.124 

0.497  (mean  for 

Blends    with    4544- 7-      Much 

1 

{  0.127 

two  pairs) 

strengthened.     Widened  1-2 

4590.11 

Quadruple 

0.207 

0.257 

Widened    1  ?      Slightly    weak- 
ened.    Enhanced  line 

617-45 

Quadruple 

Not  clearly 
resolved 

0.311 

Widened  2 .    Much  strength- 
ened 

4623.24 

Quadruple 

0.091 

0.288 

Widened  2.    Much  strength- 
ened 

4629.52 

Quintuple 

(   0.132 

Too  weak  to 
measure 

Widened  i.     Slightly  strength- 
ened 

4639 -54 

Quadruple 

0.163 

0.457 

Widened  3.     No   evidence  of 
doubling 

4639.85 

Quadruple 

0.138 

Too  weak  to 
measure 

Widened  3.     No  evidence    of 
doubling 

4640.12 

Quadruple 

0.254 

0.592 

Widened  4.     No  evidence  of 
doubling.      Fringed    to    the 
red 

4645 -37 

Triple 

Not  separated 

0.244 

Widened  4.    Probably  double 

4698.94 

Quadruple 

0.081 

0.293 

Widened  2.    Much  strength- 
ened 

47IO-34 

Quadruple 

Not  clearly 
resolved 

0-375 

Much  strengthened  but  narrow. 
Widened  1  ? 

5016.32 

Quadruple 

0.204 

0.426 

Wiflened   2.     No  evidence  of 
doubling 

5020.17 

Quadruple 

0.218 

0.384 

Widened   3.     No  evidence  of 
doubling 

5023.02 

Quadruple 

0.241 

0-374 

Widened   3.     No  evidence  of 
doubling 

*  These  columns  refer  to  the  spark  in  the  magnetic  field  when  observed  across  the  lines  of  force  and  along 
them  respectively. 
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A 

!  Spark  ObscrvTd 
at  KiKht  .Angles 
to  Force  Lines 

S\  Spark.  Trans- 
verM.-  Kflecl* 

AA  Spark,  IxinKitudina! 
Kflcci* 

Cluraclcr  in  Sun-Sputs 

5025    03 

Quadruple 

0.412 

0.108 

Widened   3  —  4.     No  evidence 
of  doubling 

5066.17 

Quadruple 

0.283 

0.227 

Blends     with      5056.08        Cr. 
Diflicult.      Apparently    wid- 
encfl  2 

5085.51 

Quadruple 

0.3IQ 

Not  mt-asurahle 

Widened  3 

5109.60 

Quadruple 

0.259  (ditVi- 
rult) 

Not  measurable 

Widened  2 

5418.98 

Quadruple 

0.292 

o-.>95 

Large    shift    to    red    in    .<;pot. 
Widened   2.     Maximum   to- 
ward red  side  of  line.     En- 
hanced line 

5426.47 

Quadruple 

0.40S 

0532 

Widened  3.     Probably  double. 
Measured    separation    0.085 

5460.72 

Quadruple 

0-431 

0.568 

Widened     4.       Maximum     at 
about   center   of   line 

5481.65 

Quadruple 

0.429 

0  429 

Narrow.       Fringe     to     violet 
making     hazy,     continuous 
band  as  far  as  X 5481. 45 

5712.07 

Quadruple 

0-313 

0.550 

Widened    4    but    blends    with 
5712.10    Fe.      Difficult    to 
judge     structure.       Possibly 
double 

5716.67 

Quadruple 

0.417 

0.256 

Widened   4.      Possibly   double 
though     line    appears    of 
nearly   uniform   intensity 
throughout.     Apparent  com- 
ponents   measured    0.105 

5720.57 

Quintuple 

0.630 

(0.33s 

(  0.340 

Widened    4.      Narrow,    sharp 
maximum  in  center  of  line 

5903 -54 

Triple 

Not  .'ieparated 

0.601 

Widened  4.     Probably  double. 
Apparent  "components  meas- 
ured 0.094 

5938.04 

Quadruple 

Wide  and 
hazy,  not 
clearly  re- 
solved 

0.612 

Widened  4.    Double. 

AX  =  0 .  093 

5941.98 

Quadruple 

0.456 

0.527 

Widened  4.     Double.     Diffuse 
center.    AX  =  0.1 13 

6064.85 

Triple 

Not  separated 

0.876 

Widened   5.      Triple. 
(0.087 
AX=  J      0 
(  0.092 

6085.47 

Quadruple 

0.225 

0.808 

Widened  4.     Not  clearly 
doubled 

6303.98 

Quadruple 

0.487 

0.493 

Widened  3.     Double. 

AX  =  o.o87 

6312.46 

Quadruple 

0367 

0.615 

Widened  3.     Double. 
AX  =  0 . 090 

*  These  columns  refer  to  the  sp;irk  in  the  magnetic  field  when  observed  across  the  lines  of  force  and  along 
them  respectively. 
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Plate  XI  reproduces  the  iron  spectrum  from  /6213  to  /  6337 
given  by  the  spark  in  the  magnetic  field.  The  upper  spectrum  shows 
the  doublets  obtained  when  the  spark  is  observed  parallel  to  the 
lines  of  force,  the  so-called  "longitudinal  component."  The  lower 
was  made  with  the  light  at  right  angles  to  the  force  lines  and  passing 
through  a  Nicol  prism  turned  so  as  to  transmit  the  light  vibrating 
parallel  to  the  field,  the  "transverse  component."  The  quadruplets 
thus  appear  as  narrow  doublets  in  the  latter  spectrum,  while  the 
triplets  show  their  middle  component  single. 

The  purpose  of  the  table  is  to  show  to  what  extent  a  correspond- 
ence exists  between  the  structure  of  lines  given  by  the  spark  in  the 
magnetic  field  and  by  the  sun-spols.  This  may  be  discussed  best 
by  considering  each  type  of  separation  in  turn. 

I.  The  fairly  large  group  of  quadruplets  in  the  spark  is  of  special 
interest  when  compared  with  the  list  of  spot  doublets.  For  iron 
there  is  practically  a  complete  correspondence  for  the  hmited  region 
in  the  red  thus  far  examined  with  the  Nicol  prism.  The  only  appar- 
ent exception  is  /  6256. 57.  This  is  much  widened  in  the  spot  but 
does  not  appear  doubled.  In  the  spark  it  is  an  unusual  type  of 
quadruplet.  The  transverse  component  is  clearly  separated  (see 
Plate  XI)  while  the  parts  of  the  longitudinal  component  are  wide 
and  hazy  and  not  clearly  resolved.  A  line  of  this  character,  in  the 
weak  field  of  a  sun-spot,  would  have  the  central  portion  so  filled  up 
that  no  separation  of  the  parts  could  be  effected.  For  titanium  the 
correspondence  is  very  close  for  lines  in  the  yellow,  orange  and  red, 
beginning  at  about  /  5  700.  The  most  important  exception  is  X  5903 .  54, 
which  is  much  widened  in  spots  and  probably  double.  This  line 
shows  in  the  spark  the  structure  of  the  normal  triplet,  the  transverse 
component  being  narrow.  Two  extreme  types  of  quadruplets  are 
represented  in  A  5941.98  and  /  6085.47.  The  former  has  in  the 
spark  the  character  of  the  iron  line  X  6256.57  mentioned  above,  the 
transverse  component  having  a  wide  separation  while  the  longitudinal 
is  separated  but  little  more  and  the  central  portion  is  so  filled  up  by 
the  diffuse  and  hazy  components  that  a  measurement  is  diflicult. 
The  spot  line  is  of  an  analogous  type,  having  the  center  filled  up,  but 
the  maxima  at  the  sides  are  sufticiently  distinct  to  enable  it  to  be 
classed  as  a  doublet.     /  6085 .  47  has  its  transverse  component  very 
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narrowly  separated,  with  a  widely  separated  lonj^itudinal  comj)onent. 
In  the  spot  this  line  is  widened,  but  not  doubled. 

In  the  region  of  shorter  wave-length,  the  agreement  is  not  nearly 
so  good.  A  564(^.37  shows  the  same  relation  in  spark  and  spot  as 
A  5903.54.  Several  weak  and  doubtful  sjK)t  doublets  in  the  blue  and 
green  are  probably  narrow  cjuadruplets  in  the  spark,  but  are  not 
included  in  the  tabic.  The  lines  in  this  region  which  arc  clear  (|uad- 
ruplets  in  the  spark,  however,  have  no  uniform  behavior  in  the  spot. 
Many  are  considerably  widened  (i  to  3  on  a  scale  of  5),  but  do  not  show 
doubling,  while  a  few  are  slightly  narrowed  in  the  spot.  The  change 
in  correspondence  begins  to  show  itself  in  the  neighborhood  of  A  5000, 
and  the  lack  of  agreement  with  the  region  of  greater  wave-length  points 
to  a  masking  of  the  real  character  of  the  spot  lines,  yjresumably  by 
the  same  agency  which  causes  other  inlluences,  such  as  temperature, 
to  show  a  much  closer  accordance  between  laboratory  and  spot  results 
in  the  less  refrangible  region  of  the  spectrum. 

2.  The  few  lines  of  iron  and  titanium  occurring  as  triplets  in 
sun-spots  show  a  complete  agreement  with  the  laboratory  results. 
XX  6173.55  ^i^d  6302.71  of  iron  and  X  6064.85  of  titanium  are  all  wide 
triplets  in  the  spark,  the  middle  component  remaining  sharp.  The 
latest  measurements  of  the  best  photographs  show  that  /  6302.71  is 
not  asymmetrical,  and  indicate  that  the  appearance  of  asymmetry 
previously  noted  was  due  to  disturbing  inlluences  in  both  spot  and 
spark  spectra. 

3.  The  few  titanium  lines  appearing  as  quintuplets  and  of  still 
higher  separation  in  the  region  studied  arc  of  two  types.  XX  4464.62 
and  5720.57  appear  as  triplets  when  observed  along  the  lines  of  force 
in  the  laboratory  and  as  quintuplets  across  the  lines  of  force,  two 
more  components  being  added  on  the  outside  when  viewed  at  right 
angles.  Such  a  line  will  then  have  a  strong  central  component  at 
whatever  angle  to  the  force  lines  the  light  may  be  taken.  X  5720.57 
is  favorably  located  for  comparison  with  the  sun-spot  line.  In  the 
spot  the  line  is  very  much  widened  and  has  a  narrow  and  unusually 
strong  maximum  in  the  center.  The  structure  of  the  spark  hne 
should  give  this  appearance,  the  quintuplet  structure  giving  a  strong 
widening,  while  the  central  maximum  is  accounted  for.  In  /  4464.62 
the  strength  of  the  central  component  is  probably  partly  responsible 
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for  the  apparent  narrowing  of  a  rather  faint  line,  the  sides  being  weak 
and  indistinct  by  contrast  with  the  center. 

The  other  type  has  one  or  more  pairs  of  rather  widely  separated 
components  when  viewed  along  the  lines  of  force;  while  across  the 
lines  of  force  a  close  triplet  is  seen  in  the  middle  of  the  structure. 
Lines  of  this  type  are  kX  4471.40,  4527.48,  4544.83,  and  4629.52,  and 
by  referring  to  the  table  these  are  seen  to  be  both  widened  and  strength- 
ened in  sun-spots,  in  no  case  doubled.  This  again  accords  well 
with  the  spark  structure,  the  widely  separated  components  giving 
a  broad  hne,  while  the  central  maximum  is  not  so  conspicuous  as  in 
the  first  type. 

4.  One  strong  utiseparaied  line  stands  out  with  great  distinctness 
in  the  titanium  spectrum.  This  is  /  5714.12,  which  appears  equally 
narrow  in  both  positions  of  the  Nicol.  This  line  is  remarkable  for 
its  narrowness  in  the  spot  spectrum. 

We  have  thus  a  good  deal  of  evidence  that  light  coming  at  an 
angle  to  the  lines  of  magnetic  force  plays  a  large  part  in  giving  the 
sun-spot  lines  the  structure  which  is  observed.  The  presence  of  trip- 
lets in  the  spot  spectrum  is  fully  explained.  The  fact  that  the  spot 
doublets  occur  very  generally  as  quadruplets  in  the  laboratory  when 
observed  at  right  angles  to  the  hnes  of  force  obviates  the  necessity 
of  assuming  that  doublets  in  the  spot  are  due  to  the  action  of  the  field 
along  the  hnes  of  force  alone,  since  in  either  case  the  central  com- 
ponent would  be  absent  for  these  lines. 

The  two  inner  components  of  the  quadruplets  arc  seldom  widely 
separated,  even  in  the  fairly  strong  laboratory  fields;  so  that  what  we 
probably  have  in  the  spot  lines  is  a  weakening  of  the  center  of  the 
line  due  to  a  narrow  separation  of  the  transverse  component,  throwing 
the  light  into  maxima  at  each  side.  The  transverse  effect  becomes 
weaker  as  the  direction  of  the  light  becomes  more  nearly  parallel  to 
that  of  the  lines  of  force,  giving  a  more  distinct  separation  of  the 
components  of  the  doublet.  This  dependence  of  the  relative  intensity 
of  the  components  upon  the  angle  of  the  field  is  unfavorable  to 
quantitative  relations  between  the  measured  separations  of  spark 
and  spot  lines.  It  is  quite  probable  that  some  lines  are  produced 
more  strongly  than  others  in  certain  parts  of  the  spot,  on  account  of 
differences  in  temjjcralure  and  in  other  physical  conditions.     This 
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would  involve  a  dillVrcnce  in  tk-ld  strength  and  also  of  the  angle  to  the 
lines  of  force  at  which  the  light  comes  to  us,  opening  the  way  for  many 
dilTerences  in  the  appearance  of  the  lines  in  the  spot  and  in  the 
laboratorv  sources.  For  c.\ani|)le,  light  coming  almost  parallel  to 
the  force  lines  of  the  solar  magnetic  t'leld  would  give  a  strong  pre- 
ponderance of  circularly  polari/.ed  light.  Another  part  of  the  spot, 
still  in  the  field  of  view  projected  on  the  slit,  but  dilTering  either  in 
location  or  in  level  or  both,  and  therefore  in  a  dilTerent  part  of  the 
solar  magnetic  field,  might  send  light  at  a  larger  angle  to  the  lines  of 
force,  giving  to  some  extent  the  transverse  elTect  and  producing  the 
central  line  of  the  triplets.  This  may  seem  to  require  somewhat  artificial 
conditions,  but  a  structure  of  the  spot  allowing  for  this  would  appear 
necessary  to  account  for  the  relative  intensity  (about  |  to  i)  of  the 
middle  and  side  components  of  spot  triplets  such  as  AA  6173  and  6302. 
This  would  require  a  mixture  of  the  longitudinal  and  transverse 
effect  corresponding  to  an  angle  not  yet  determined  exactly,  but 
greater  than  30°  to  the  lines  of  force  and  much  less  than  90°. 

Many  of  these  doubtful  points  will,  it  is  hoped,  be  cleared  up  as  the 
investigation  is  extended  with  improved  facilities. 

MocxT  Wilson  Sol.\r  Observatory 
December  5,  1908 


THE  SPECTRtM   OF   COMET  c  1908    (MOREHOUSE) 

By  W.  \\-.  C.\MPBELL  and  SEBASTIAN  ALBRECHT 

The  one-prism  spectrograph  described  in  Bulletin  No.  8  and  illus- 
trated in  Bulletin  No.  62,  attached  to  the  36-inch  refractor,  was  used 
in  observing  the  spectrum  of  Comet  c  1908  (Morehouse). 

1908,  October  20.  Campbell,  observer.  Although  the  tail  of 
the  comet  was  easily  visible  to  the  naked  eye,  for  at  least  3°  from  the 
head,  the  intrinsic  brilliancy  of  all  parts  was  surprisingly  low.  The 
image  of  the  head  formed  by  the  long-focus  telescope  was  scarcely 
visible  on  the  reflecting  slit-plates  of  the  spectrograph.  The  feeble 
nucleus  was  just  visible  after  the  eye  had  remained  in  total  darkness 
for  several  minutes,  and  could  not  be  used  in  guiding  when  the  slit 
was  wide  enough  to  give  promise  of  a  successful  spectrogram. 

Visual  observations  were  made  with  the  slit  0.04  inch  (i  mm) 
wide.  It  was  noticed  at  once  that  the  spectrum  had  unusual  features. 
The  carbon  bands  whose  edges  are  at  /  4737,  X  5165,  and  X  5635  were 
present  in  their  usual  relative  intensities.  In  addition,  two  bands 
not  hitherto  observed  at  Mount  Hamilton  in  any  comet  were  visible 
on  the  more  refrangible  side  of  /  4737.  These  were  probably  com- 
posed of  the  two  pairs  of  lines  photographed  later  at  /  4550-70  and 
X  4255-76.  There  appeared  to  be  a  slight  brightening  in  the  feeble 
continuous  spectrum  near  H^.  Another  band  was  thought  to  be 
visible,  far  up  in  the  violet,  perhaps  composed  of  the  lines  photo- 
graphed later  at  X  4002  and  /  4022. 

A  photographic  exposure  of  three  hours  was  made,  using  the  same 
slit-width.  It  was  necessary  to  guide  with  the  finding  telescope,  and 
no  doubt  the  guiding  was  inefficient.  The  spectrogram  shows  five 
bright  bands  just  on  the  limit  of  vision;  so  faint,  in  fact,  that  they 
become  invisible  under  the  lowest  magnification. 

1908,  Nov.  27,  28,  29.  Albrecht,  observer.  \'isual  observations 
were  made  each  evening  before  beginning  the  photographs  referred 
to  below.  The  sky  was  bright  with  moonlight  and  twilight.  The 
three  usual  bands  at  X  4737,  X  5165,  and  X  5635  were  seen.  Their 
positions  were  estimated  closely  by  means  of  the  iron  spectrum,  which 
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was  thrown  into  view  frcfjucntly,  and  with  which  the  observer  is 
famlHar.  Tiie  green  carbon  band  was  much  stronger  than  the  blue 
band,  and  the  blue  band  was  stronger  than  the  yellow  band.  In 
addition,  a  fourth  band,  quite  faint,  was  visible  at  a  considerable 
distance  to  the  violet  of  X  4737.     It  was  probably  the  pair  at  A  4255-76. 

On  November  27  a  spectrogram  was  obtained  with  slit- width  of 
0.02  inch  (0.5  mm)  and  exposure-time  of  75  minutes.  The  comet 
spectrum,  containing  several  fairly  strong  lines  or  bands,  was  un- 
familiar in  appearance.  The  hydrogen  comparison  spectrum,  under- 
exposed, is  visible  on  only  one  side  of  the  comet  spectrum.  As  the 
plate  could  not,  therefore,  be  accurately  oriented  on  the  measuring 
microscope,  a  constant  correction  has  been  applied  to  all  the  microm- 
eter readings  to  reduce  to  the  same  system  as  for  the  spectrogram 
obtained  on  November  28. 

On  November  28  the  sHt- width  was  0.008  inch  (o.  2  mm)  and  the 
exposure-time  83  minutes.  The  recorded  spectrum  is  much  fainter 
than  that  of  November  27,  but  the  comparison  spectra  are  excellent. 

On  November  29  a  90-minute  exposure  was  made  on  a  plate 
stained  for  sensitiveness  in  the  red  end  of  the  spectrum.  The  sky 
was  hazy,  and  during  a  part  of  the  exposure  thinly  clouded.  A  trace 
of  the  band  at  A  5165  shows  on  the  plate.  The  strongest  pair  of  lines 
recorded  on  the  two  earlier  spectrograms  at  A  4255-76,  is  easily  visible 
on  this  plate. 

The  results  of  Albrecht's  measures  of  the  first  two  photographs 
are  contained  in  the  table.  The  brightest  line  is  assigned  intensity  10, 
and  a  line  just  visible  intensity  o. 

It  is  of  interest  to  note  the  relative  weakness  of  the  edge  of  the  first 
fluting  in  the  fourth  carbon  band  in  the  comet,  at  A  4737.  The  band 
obsened  in  the  comet  at  A  4690  is  probably  a  blend  of  the  third,  fourth, 
and  fifth  fluting-edges.  The  lines  at  A  3882  and  A  3869  are  doubtless  the 
first  and  second  edges  in  the  third  cyanogen  band.  There  is  doubt 
whether  the  first  cyanogen  band'  is  represented  in  the  comet,  although 
the  presence  of  two  lines  certainly  and  three  others  possibly  within 
the  limits  of  the  band  is  a  point  in  favor  of  their  cyanogen  origin. 
Attention  should  be  called  to  the  apparent  entire  absence  of  the  second 
cyanogen  band.     We  are  unable  to  suggest  a  probable  origin  for  the 

'  Astronomy  and  Astrophysics,  13,  205,  1894. 
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TABLE  I 
Bright  Lines  Photographed 


1908 

Nov.  27 
SUt-Widlh 

Nov.  28 
0.008  in. 

Nov.  29 
0.012  in. 

Mean 

Relative 
Intensities 

Carbon  and  Cyanogen  Spectra 

0.020  in. 

3836± 

384- 

I 

.^869 

3869 

I 

3871 .  s,  2d  edge,  3d  Cyanogen  Band 

3882.8 

3881-4 

3882 . I 

2 

3883 .6,  I  St  edge,  3d  Cyanogen  Band 

3913 

3915 

3914 

2 

4002.8 

4002.2 

4002.5 

6 

4023.0 

4021.3 

4022.2 

8 

4255 • I 

4254 -7 

4255 

4254-9 

8 

4276.1 

4275  •  I 

4276 

4275.6 

10 

(  4502  \ 

452-? 

453-? 

452-? 

4515) 

(  4532  f 

4548-8 

4550-0 

4549-4 

4 

4553  /  1st  Cyanogen  Band  ? 

4571-2 

4569-3 

4570.2 

3 

4578  ( 

4598? 
4611  ? 

460- ? 
461- ? 

:■  4606 1 

(  4677 .   ,  5th  edge,  4th  Carbon  Band 

4688 . 2 

4692 . 2 

4690 . 2 

7 

j  4684 .9,  4th  edge,  4th  Carbon  Band 
(  4697  .6,  3d  edge,  4th  Carbon  Band 

4714-7 

47i.'5-i 

4714-9 

5 

4715.3,  2d  edge,  4th  Carbon  Band 

4737 

47.^8 

47.38 

0 

4737  .2,  ist  edge,  4th  Carbon  Band 

516- 

516- 

5165.3,  3d  Carbon  Band 

Bands  Observed  Visually 
4002-22±(?)  Position  not  determined  visually. 
4255-76±  Position  not  determined  visually. 
455o-70±  Position  not  determined  visually. 
4737±  Carbon — Position  estimated,  not  accurately  measured. 
5i65± Carbon — Position  estimated,  not  accurately  measured. 
5635 ±  Carbon — Position  estimated,  not  accurately  measured. 

strong  lines  at  k  3913,  /  4002,  A  4022,  /  4255,  X  4276,  I  4549r 
and  A  4570.  The  last  six  of  these  lines  are  no  doubt  identical  with, 
three  pairs  of  lines  observed  by  Chretien'  in  the  spectrum  of  Comet 
d  1907,  and  with  three  bands  observed  in  the  same  comet  by  Des- 
landres^  and  Evershed,^  all  using  objective-prism  spectrographs. 
Radiations  having  these  wave-lengths  seem  to  be  relatively  strong 
in  the  tails  of  comets,  as  it  is  difficult  otherwise  to  account  for  their 
essential  absence  from  the  spectra  of  the  heads  of  Comet  d  1907  and 
other  comets,  as  observed  with  slit-spectrographs. 

'  CompUs  Rendus,  145,  549,  1907. 

'  Ibid,  145,  445,  1907.  3  Monthly  Notices,  68,  16,  1907. 
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The  existence  of  these  pairs  of  lines,  with  the  hnes  in  the  pairs 
separated  by  about  the  same  intervals,  is  strongly  suggestive  of  closely 
related  origins.  The  most  promising  hyj)othesis  as  to  their  origin  seems 
to  us  to  be  that  they  are  related  to  each  other  in  much  the  same  way  as 
the  well-known  carbon  bands  or  cyanogen  bands  are  related.  Are 
these  six  lines  the  edges  of  llutings  in  three  bands  of  .some  element 
or  compound,  not  yet  observed  in  the  laborator)-  ? 

The  photograi)hic  intensity  of  the  comet's  light  as  compared  with 
its  visual  brightness  has  been  surprisingly  great.  The  unusual 
weakness  of  the  continuous  spectrum  and  the  presence  of  the  three 
pairs  of  relatively  strong  bright  lines  in  the  blue  and  violet  regions, 
which  were  observed  as  \cry  faint  lines  or  not  at  all  in  previous 
comets,  no  doubt  supply  the  greater  part  of  the  explanation.  We 
consider  that  the  presence  of  these  unusually  strong  lines  more  than 
balances  the  apparent  relative  weakness  of  the  cyanogen  band  at 
X  3884-72. 

Reflected  sunlight  seems  to  contribute  in  very  small  measure  to  the 
comet's  brilliancy. 

Lick  Observatory 
December  10,  1908 


Reviews 

Populdre  Astrophysik.  By  Julius  Scheiner.  Leipzig  and  Berlin: 
B.  G.  Teubner,  1908.  Pp.  706  with  30  plates  and  210  figures 
in  the  text.     Bound.     M.  12. 

The  field  for  popular  works  on  astronomy  for  general  and  serious 
readers  is  very  well  supplied  with  numerous  and  valuable  books,  but  no 
work  of  similar  merit  and  equal  scope  has  been  available  for  the  reader 
in  astrophysics.  ^liss  Gierke's  Problems  in  Astrophysics  and  Professor 
Hale's  The  Study  of  Stellar  Evolution,  excellent  and  inspiring  though  they 
are,  do  not,  and  were  not  designed  to  cover  the  whole  of  the  rapidly  develop- 
ing field  of  astrophysics.  The  want  is  supplied,  however,  in  the  present 
volume;  and  who  could  be  better  equipped  to  prepare  the  volume  than 
the  author,  an  active  and  clever  investigator  in  astrophysics,  also  well 
kno\\Ti  for  his  standard  works,  Di^  Spectralanalyse  der  Gestirne,  Photo- 
graphie  der  Gestirne,  Strahlung  und  Temperatur  der  Sonne,  etc.  ? 

Those  students  of  the  University  of  Berlin  in  the  year  1906  who 
heard  Professor  Scheiner's  courses  entitled  Einleitung  in  die  Astrophysik 
will  recognize  in  the  present  volume  an  elaboration  of  those  lectures.  The 
lectures  were  divided  into  two  great  parts.  The  first  of  these,  dealing  with 
instrumental  equipment  and  methods  of  observation,  considered  the 
fundamental  physical  and  physiological  conceptions,  spectrum  analysis, 
photometry,  solar  radiation,  and  celestial  photography.  The  second  part 
gave  the  results  of  astrophysical  investigations,  reviewing  in  turn  the  sun, 
the  planets,  the  moon,  comets,  meteors,  zodiacal  light,  nebulae,  and  the 
fixed  stars.  The  published  work,  which  is  thoroughly  comprehensive, 
exceedingly  well  balanced,  and  straightforward  in  style,  follows  the  same 
general  scheme. 

One  or  two  errata  may  be  noted.  In  the  lists  of  lines  of  the  chromo- 
spheric  spectrum  on  pp.  370  and  395  the  strontium  line  at  4078  is  attrib- 
uted to  calcium,  perpetuating  an  old  error.  Another  legacy  of  error 
is  found  on  p.  365,  where  the  diurnal  motions  of  solar  rotation  from  Dun^r's 
spectroscopic  obsen^ations  are  given  uncorrected  for  the  motion  of  the 
earth.  That  these  motions  are  synodic  and  not  sidereal  was  pointed  out 
by  Dun^r  in  the  A stronomische  Nachrichten,  167,  167,  1905. 

Recent  and  complete  as  this  volume  is,  astrophysical  research  is  already 
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makinj^  advances  beyond  its  contents.  One  instance  will  illustrate.  We 
read  on  p.  148  that  until  now  the  Zeenian  effect  has  found  no  direct  applica- 
tion in  astrophysical  problems,  but,  he  continues  clearsightedly,  we  must 
not  conclude  that  it  may  not  be  of  greatest  moment  here.  And  now 
Hale  detects  the  Zeeman  effect  in  the  radiation  of  sun-spots,  provinp;  thereby 
the  presence  of  a  magnetic  field  about  them. 

The  illustrations  in  the  text  are  well  selected.  The  plates  assembled 
at  the  end  of  the  volume  illustrate  a  wide  range  of  results  of  celestial  [jhotog- 
raphy,  and  are  for  the  most  part  of  very  good  quality.  Certain  of  the 
plates  have  suffered  in  the  reproduction,  principal  among  them  being  the 
pht)tohelit)gram  by  Lohse,  Plate  I,  which  appears  much  distorted,  the 
solar  corona  by  Schorr,  Plate  IX,  loses  its  details,  and  the  comet  photo- 
graphs from  the  Lick  Observatory,  Plates  X\'  and  XVI,  for  which  the 
contrast  is  too  great.  Plate  X,  the  photograph  of  the  solar  corona  by 
Barnard  and  Ritchey,  is  erroneously  accredited  to  Frost. 

The  subject-index  is  unusually  complete,  but  it  is  to  be  regretted  that 
no  author-index  is  added  to  the  volume.  The  insufficient  opacity  of  the 
paper  is  objectionable.  Readers,  other  than  Germans,  will  deplore  the 
use  of  German  text  in  the  printing.  This  may  be  an  additional  incentive 
to  the  desired  translation  of  the  work  into  English. 

This  volume  admirably  fills  a  vacancy  in  popular  scientific  literature 
and  makes  a  fitting  companion  to  Vogel's  Xeiixomb-Englemann's  Populdre 
Astrotiomie  and  will  ]:)robably  be  seen  beside  this  work  on  the  bookshelves 
of  working  astronomers  and  scientific  readers  generally. 

P.  F. 


Die  Milchstrasse.  Von  Max  Wolf.  Leipzig:  J.  A.  Barth.  1908. 
8vo.,  pp.  48.  Figs.  50.  ]SL  4. 
This  is  the  issue  in  book  form  of  a  public  lecture  by  Professor  Wolf, 
illustrated  with  quite  a  number  of  photographs  of  the  star  clouds  of  the 
gala.xy,  made  with  his  various  telescopes,  large  and  small.  The  text  deals 
in  a  popular  manner  with  the  peculiarities  of  the  Milky  Way,  and  especially 
with  the  theories  formulated  by  various  astronomers  to  account  for  its 
existence  and  to  explain  what  it  really  is.  The  main  interest  in  the  book, 
however,  should  center  in  the  photographs  that  are  contained  in  it,  for 
no  matter  how  erroneous  the  various  theories  concerning  the  constitution 
of  the  Milky  ^^'ay,  the  photographs  are  supposed  to  tell  their  own  stor)', 
from  which  the  student  can  judge  for  himself  how  well  the  theories  fit  into 
the  actual  appearance  of  this  wonderful  zone  of  stars.     The  reproductions 
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in  this  work,  unfortunately,  are  not  fair  representations  of  Wolf's  photo- 
graphs of  the  Milky  Way:  they  are  really  misleading  in  many  cases. 
This,  however,  is  due  entirely  to  a  want  of  judgment  as  to  how  much  of 
the  actual  photograph  should  be  used.  There  is  always  a  falling-off  of 
illumination  when  the  field  of  a  lens  is  not  large  enough  to  cover  the  entire 
plate.  Outside  of  this  circle  of  illumination  the  stars  abruptly  end,  for 
no  images  are  formed  there  by  the  lens.  If,  therefore,  a  full-sized  print 
is  made  from  such  a  negative,  the  area  of  illumination,  where  the  light 
has  acted,  will  appear  as  a  bright  region,  and  the  cloud  forms  will  extend, 
if  they  are  large  enough,  to  the  edge  of  the  circle  of  illumination,  and  will 
there  abruptly  terminate  in  blackness,  as  no  images  of  the  stars  will  reach 
the  plate.  In  a  case  of  this  kind  one  should  use  only  that  part  of  the  plate 
which  is  well  covered  by  the  circle  of  illumination,  by  matting  out  or  cut- 
ting away  the  bad  part.  Figs.  3  to  10  in  the  present  work,  on  pp.  13  to  16, 
are  samples  of  this  neglect  of  matting.  Any  one  of  these  plates  or  Nos.  25 
and  34  (with  the  reflector)  gives  the  impression  of  a  bright  mass  of  stars 
isolated  on  a  starless  sky,  while  in  reality  they  are  but  part  of  larger  star 
areas.  Taking  these  photographs  as  a  guide,  one  would  form  quite  an 
erroneous  idea  of  the  true  forms  of  and  extent  of  these  cloud  regions. 

Among  the  illustrations  are  some  excellent  photographs  of  a  number 
of  the  well-known  nebulae,  such  as  those  of  Orion  and  Andromeda,  and 
also  some  of  the  spiral  nebulae.  They  were  made  with  the  new  28-inch 
reflector.  These  pictures  have  doubtless  suffered  much  in  the  reproduc- 
tion. Figs.  25  and  34  are  especially  bad,  from  the  inclusion  of  a  portion 
of  the  plate  beyond  the  circle  of  illumination.  This  fault  will  be  strikingly 
apparent  by  comparing  Fig.  25  with  Fig.  24.  It  is  indeed  unfortunate  that 
through  a  mere  oversight  in  the  presentation  of  these  pictures  without 
properly  matting  out  the  exterior  bad  portions,  the  reader  should  get  an 
inadequate  and  erroneous  impression  of  the  accurate  and  effective  work 
which  Professor  Wolf  has  for  years  been  carr^-ing  on  with  such  remarkable 
success  with  the  admirable  facilities  he  has  established  on  the  Konigsstuhl. 

E.  E.  B. 


The  Theory  of  Optical  Instruments.     By  E.  T.  Whittaker.     (Cam- 
bridge Tracts  in  Mathematics  and  Mathematical  Physics,  No.  7.) 
Cambridge   University   Press,    1907.     Pp.    72,   with  diagrams. 
25.  6d.,  unbound. 
This  excellent  little  work  was  prepared  by  the  Royal  Astronomer  for 

Ireland  for  those  students  of  astronomy,  photography,  and  spectroscopy 
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who  desire  ''a  sim})le  theoretical  account  of  those  defects  of  performance  of 
optical  instruments  to  which  the  names  coma,  curi'ature  of  field,  astigmatism^ 
distortion,  secondary  spectrum,  'want  of  resolvinf^  poicer,  etc.,  are  given." 
The  hope  is  also  expressed  that  the  attention  of  \)Utc  mathematicians  may 
be  drawn  by  it  to  some  attractive  theorems.  The  author  also  regards  this 
"tract"  as  a  suggestion  toward  a  modification  of  the  customary  university 
course  in  geometrical  oj)tics. 

Books  and  articles  on  this  topic  in  English  are  few  indeed,  and  but  few 
translations  have  appeared  of  the  numerous  (lerman  contributions,  Profes- 
sor Silvanus  P.  Thompson's  English  edition  of  Lummer's  Bcitrdge  zur 
Pholographische  Optik  excepted.  This  tract  compresses  in  its  small  space 
the  essentials  of  the  subjects  treated,  and  should  be  of  wide  service. 

F. 


The  Moon  in  Modern  Astronomy.  By  Philip  Fauth.  London:  A. 
Owen  &  Co.  Bound,  105. 
This  book  is  a  summan,-  of  twenty  years'  work  on  the  moon.  The 
first  sixty  pages  are  taken  up  with  an  introduction  by  J.  E.  Gore,  a  his- 
torical survey  by  the  author,  in  which  he  mildly  reproves  American  astrono- 
mers for  their  neglect  of  \-isual  selenography;  and  with  a  criticism  of  the 
results  obtained  by  photography.  The  remaining  one  hundred  pages  dis- 
cuss the  subject  proper.  Some  of  the  interesting  points  brought  out  are: 
the  relation  of  crater  depth  to  crater  diameter,  similarity  of  crater  rings 
and  plains,  the  bleaching  of  the  surface,  the  lunar  rays.  Herr  Fauth 
closes  by  stating  that  the  moon  has  a  thick  coat  of  ice  and  supports  his 
statement  at  length.  The  maps  are  excellent,  showing  a  wonderful  amount 
of  painstaking  work,  but  the  detail  which  is  shown  is  almost  incredible 
when  we  find  that  the  author  has  had  only  a  7^-inch  refractor  at  his  com- 
mand. Herr  Fauth  explains  that  this  is  due  to  the  character  and  training 
of  his  eye.     The  book  is  carefully  prepared  and  is  well  worth  consideration. 

H.  E.  Buchanan 


Two  New  Worlds.  By  E.  E.  Fournier  d'Albe.  London:  Long- 
mans, Green  &  Co.,  1907.  Pp.  157. 
Ingenious  and  well  composed  as  this  book,  "written  in  Ireland  and 
largely  inspired  by  Irish  thoughts  and  thinkers,"  is,  we  are  sorr>'  to  say  that 
from  a  scientific  standpoint  it  is  best  described  as  an  Irish  bull.  We  regret 
this  the  more  as  the  theme  was  grand  and  if  scientifically  accurate  the  book 
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might  have  given  us  at  least  an  imaginative  glimpse  of  value  into  the  beyond. 
In  justification  of  our  phrase,  meant  in  all  kindliness,  we  will  explain 
why  the  book  courts  the  appellative,  being  ostensibly  one  thing  and  in 
reality  another.  The  claim  of  the  work  is  the  advancement  of  proof  or  at 
least  strong  presumption  that  modern  science  has  data  for  the  existence 
of  two  new  worlds,  one  infinitely  little,  the  other  infinitely  big,  and  the  key 
to  their  unlocking  is  given  by  the  author  in  the  following  words:  "Time 
and  space  are,  after  all,  purely  relative.  If,  at  midnight  tonight,  all  things, 
including  ourselves  and  our  measuring  instruments,  were  reduced  in  size 
looo  times,  we  should  be  left  quite  unaware  of  any  such  change."  The 
monstrosity  of  this  statement,  coming  originally  from  the  teachings  of  Kant 
but  spelled  now  usually  \\ith  a  small  c,  instead  of  a  capital  K,  fairly  takes 
our  scientific  breath  away.  Not  know  it!  Why,  the  veriest  child  would 
perceive  it  at  once,  however  unversed  in  physics.  Every  sensation  depend- 
ent on  two  dimensions,  the  angular  magnitude  of  an  object  for  instance, 
would  be  altered  in  one  ratio,  while  those  dependent  on  three,  weight  for 
example,  would  be  altered  in  another  and  even  a  baby  on  tumbling  to  the 
floor  would  wonder  why  he  hurt  himself  less  than  yesterday — on  that  floor 
seemingly  as  far  off  as  ever. 

Starting  with  this  fallacy  it  is  not  surprising  that  he  reaches  the  to  him 
remarkable  premise  and  really  startling  conclusion  that:  "Hence  in  the  infra- 
world  space  and  time  are  reduced  in  the  same  proportion."  It  is  this  curious 
circumstance  which  justifies  the  expression  "infra -world."  The  curious 
circumstance  is  simply  that  distance,  which  he  here  calls  space  (p.  210),  and 
time  are  both  of  one  dimension  and  that  he  takes  the  earth's  distance  from 
the  sun  and  not  for  instance  Neptime^s  as  the  basis  of  comparison  with 
atoms  and  electrons. 

As  he  thus  sums  up  his  idea,  nothing  further  in  exposing  its  erroneous- 
ness  need  be  said,  except  that  it  is  a  pity  that  he  did  not  look  a  little  more 
carefully  before  leaping  onto  his  worlds  and  asking  others  to  follow;  for 
to  persons  untrained  in,  or  averse  to,  mathematics  such  works  do  incalculable 
harm  by  leading  them  to  believe  that  to  be  founded  on  figures  which  really 
founders  on  fact.  P.   L. 

The  World  Machine:    The  Cosmic  Mechanism.     By  Carl  Snyder. 

London:    Longmans,   Green  &  Co.,   1Q07.      Pp.  488.     S2.50 

net. 
This  is  a  popular  book,  the  first  part  of  a  rather  ambitious  undertaking 
to  record  and  philosophize  on  the  universe  and  its  contents,  which  is  to 
include  The  Mechanism  of  Life,  and  21ie  Social  Mechanism.     This  part 
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deals  almost  entirely  with  astronomy,  and  is  written  in  a  sketchy,  vivid 
style  which  is  likely  to  compel  the  attention  of  the  reader,  though  at  times 
it  becomes  almost  flippant  in  its  effort  to  be  uj)  to  date.  The  author  has 
evidently  read  widely,  though  generally  not  at  first  hand,  and  he  gives  on 
the  whole  a  pretty  accurate  as  well  as  interesting  picture  of  what  is  known 
and  surmised  of  cosmogony.  The  book  can  be  recommended  to  teachers 
for  collateral  reading  by  a  class  in  descriptive  astronomy,  and  to  those  who 
read  magazine  articles  on  scientific  subjects.  It  is  well  printed  on  the  light 
paper  now  often  used  in  England,  which  makes  its  handling  a  pleasure.  It 
is  not  dear  why  .\merican  jjublishcrs  do  not  follow  this  excellent  example. 

F. 


HaUey's  Cornel.  By  H.  H.  Turner.  Oxford:  The  Clarendon 
Press,  1908.  Pp.  ^2.  IS.  net. 
This  evening  discourse  to  the  British  Association  at  Dublin  is  written 
in  the  author's  familiar  and  entertaining  style.  It  is  illustrated  with  excel- 
lent portraits  of  Hallcy  and  Newton,  and  by  a  sketch  from  Punch,  and  the 
drawing  from  the  Bayeux  Tapcstr}'.  It  will  be  widely  read  by  both  those 
who  had,  and  those  who  did  not  have,  the  privilege  of  hearing  the  lecture. 


Annua  ire  pour  I'du  iQog.  Public  par  le  Bureau  des  Longitudes. 
Paris:  Gauthier-Villars.  i6mo.  Pp.941.  Yr.  1.85. 
This  indispensable  volume  makes  its  annual  (i  1 3th)  return,  compressing 
a  vast  amount  of  scientific  information  into  its  small  compass.  Under  the 
scheme  of  alternation  now  in  effect,  this  issue  gives,  in  addition  to  the 
usual  astronomical  data  (244  pages),  an  extensive  set  of  geographical, 
meteorological,  and  statistical  tables.  The  tables  relating  to  physics  and 
chemistry  appear  in  the  even  years.  The  data  regarding  variable  stars 
are  particularly  full  for  1909,  comprising  139  pages,  and  the  principal 
"Notice,"  by  M.  Bigourdan,  is  a  valuable  popular  statement  of  our 
present  knowledge  on  the  same  topic  (116  pages).  The  second  notice  is  by 
M.  Lallemand,  "Mouvements  et  deformations  de  la  croAte  terrestre"  (57 
pages).  

A  Short  University  Course  in  Electricity,  Sound  and  Light.     By  R.  A. 

MiLLiKAN  AND  JoHN  MiLLS.    Boston:    Ginn  &  Co.,  1908.    Pp. 

389;  Figs.  258. 
The  authors  state  that  "this  book  represents  primarily  an  attempt  to 
secure  a  satisfactory  articulation  of  the  laboratory  and  classroom  phases 
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of  instruction."  An  exposition  of  the  principles  of  a  physical  topic  is 
followed  by  directions  for  conducting  an  experiment  or  measurement,  and 
an  example  is  then  added.  The  book  is  thoroughly  modern,  is  clearly 
written,  and  well  illustrated.  In  view  of  its  practical  importance,  electricity 
occupies  more  than  half  of  the  volume,  while  optics  receives  about  loo 
pages.  The  work,  will  be  found  useful  for  consultation  by  many  whose 
work  is  in  allied  branches. 


A  Practical  Manual  of  Tides  and  Waves.  By  W.  H.  Wheeler. 
London:  Longmans,  Green  &  Co.,  1906.'  Pp.  201;  Figs.  19. 
This  is  not  an  "attempt  to  deal  with  the  difficult  subject  of  the  tides  in  a 
scientific  way,"  as  the  author  states  in  the  preface.  It  gives,  however, 
besides  the  ordinary  geometrical  theor)-,  a  readable  account  of  various 
obsen'ed  facts,  collected  from  many  sources,  about  the  tides  in  seas  and 
rivers,  and  about  oceanic  waves  caused  by  wind  and  seismic  disturbances. 


The  Principles  of  Physics.     By  Alfred  P.  Gage,  revised  by  Arthur 

W.  Goodspeed.     Boston:    Ginn  &  Co..  1907.     Pp.  547;  Figs. 

420,  18X13  cm. 

When  the  first  edition  of  this  book  appeared,  nearly  twenty-five  years 

ago,  it  constituted  quite  a  departure  from  the  elementary  textbooks  then 

existing  in   English.     Excellent   textbooks  for  instruction   in  physics  in 

secondary  schools  and   colleges    are  now   numerous:    this  one   has   also 

improved  with  successive  revisions,  and  it  is  well  adapted  to  its  purpose. 


Die  Lujtelektrizitdt.  \'on  Albert  Gockel.  Leipzig:  S.  Hirzel, 
1908.     Pp.  206,  Figs.  28.     Paper,  6  Marks;  bound,  7  Marks. 

A  centur)'  and  a  half  ago  Franklin  suspected  and  later  proved  the 
identity  of  lightning  with  frictional  electricity.  Others  followed  Franklin's 
lead  in  the  study  of  the  electric  phenomena  of  the  atmosphere,  but  the 
first  marked  improvement  even  in  the  apparatus  used — the  water  dropper 
of  Thomson  (Kelvin) — came  one  hundred  years  later,  and  it  is  only  now, 
after  the  lapse  of  half  a  century  more,  so  slow  has  progress  been,  that  the 
first  book  on  atmospheric  electricity  alone  has  appeared. 

In  this  the  entire  subject  exclusive  of  thunder  storms  and  auroras,  is 
reviewed,  but  much  the  greater  portion  of  the  numerous  papers  referred 
to  bear  the  dates  of  igoo  and  later,  and  deal  mainly  with  atmospheric 
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conductivity,  witli  ionization,  anil  with  the  (ii.stril)Ution  of  radioactive 
substances;  while  the  older  papers  are  concerned  ])rincipally  with  the 
sign  and  the  potential  gradient  of  the  earth's  electric  field.  Atmosi)heric 
electricity  therefore  may  be  regarded  as  a  new  subject  for  investigation,  s<j 
much  more  numerous  are  the  yiresent  j)roblems  in  connection  with  it,  and 
so  diilerent  the  methods  of  attack,  from  those  of  even  ten  years  ago. 

Something  is  known  of  the  electric  potential  gradient  near  the  ground, 
and  of  its  changes  as  determined  by  time  of  day,  by  season,  by  mountain 
and  plain,  by  rainfall  and  by  passing  cU)uds;  but  this  knowledge  is  frag- 
mentar)'  for  elevations  greater  than  one  hundred  meters,  and  may  be  said 
not  to  e.xist  for  regions  beyond  two  kilometers  above  the  earth's  surface. 
However,  this  is  not  now  the  chief  problem.  More  imi)ortant  are  the 
questions — How  does  the  atmos])here  become  electrified  ?  and  how,  in 
spite  of  its  conductivity,  is  a  ditTercnce  of  potential,  often  amounting  to 
more  than  one  hundred  volts  per  meter,  maintained  between  it  and  the 
earth  ? 

To  anyone  who  wishes  a  summary  of  our  knowledge  to  date  of  atmos- 
pheric electricity,  which  recently  has  become  the  object  of  many  investi- 
gations, the  above  book  is  recommended. 

Doubtless  many  will  agree  with  the  reviewer  in  hoping  that  in  future 
editions  this  book,  now  consisting  of  206  octavo  pages,  will  be  enlarged  by 
the  inclusion  of  chapters  on  thunder  storms  and  auroras,  by  a  fuller  dis- 
cussion here  and  there  t)f  the  theor)',  and  certainly  by  the  addition  of  an 
index. 

The  author  gives  July  20,  1752,  as  the  date  of  Franklin's  famous  letter 
to  Peter  Collinson.  This  probably  refers  to  his  kite  letter  of  October  i  of 
that  year,  read  on  December  21,  to  the  Royal  Society.  An  earlier  letter 
of  Franklin's,'  also  to  Collinson  and  dated  July  29,  1750,  proposes  the 
study  of  lightning  and  suggests  the  use  of  lightning  protectors. 

W.  J.  Humphreys 
Mount  Weather,  \'a. 


Annates  de  la  Facidte  dcs  Sciences  de  Marseille.  Tome  XMI,  Fasci- 
cule 3,  1908. 
MM.  Buisson  and  Fabry  have  published  in  this  pamphlet  the  best  map 
of  the  iron  spectrum  now  available  for  spectroscopists.     They  were  led 
to  do  this  by  the  need  of  such  an  atlas  for  the  ready  identification  of  the 

'  Rotch,  Ckl  el  Terre,  27,  433. 
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iron  lines  they  have  used  as  "reperes"  in  their  determinations  of  wave- 
lengths by  the  interference  method.  Obtained  with  powerful  apparatus 
and  printed  direct  from  the  negatives  without  enlargement,  the  maps  are 
ver}-  clean  and  the  lines  beautifully  distinct.  The  scale  is  i  tenth-meter  = 
0.76  mm,  or  almost  exactly  one-fourth  that  of  Rowland's  solar  atlas. 
The  map  is  printed  on  seven  plates  with  four  strips  to  the  plate. 

F. 
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The  largest  number  of  lines  forming  a  Balmcr  series  which  has 
been  observed  in  the  spectrum  of  a  terrestrial  source  occurs  in  the 
case  of  hydrogen,  thirteen  lines  having  been  found  by  Cornu  and  by 
Ames  (Kayser's  Spectroscopic,  2,  505).  In  the  case  of  the  hydrogen 
spectrum  of  the  solar  chromosphere  Evershed  {ibid.,  p.  506)  found  29 
lines,  the  last  line  corresponding  to  «  =  3i  in  the  formula.  In  the 
case  of  sodium  but  seven  lines  have  been  previously  known,  belonging 
to  the  principal  series.  As  I  have  shown  in  a  paper  recently  published 
{Phil.  Mag.  [6],  16,  945,  December  1908)  it  is  possible  to  follow  the 
series  much  farther  in  the  absorption  spectrum,  and  I  gave  provisional 
wave-lengths  to  the  24  lines  which  had  been  observed  at  the  time  of 
writing  the  paper. 

In  this  paper  I  ventured  the  opinion  that  we  were  dealing  with  the 
complete  series,  the  limit  depending  merely  upon  the  resolving  power 
of  the  spectroscope  and  the  vapor-density.  This  conjecture  has  been 
verified  by  some  observations  which  I  have  recently  made  with  the 
large  quartz  spectrograi)h  at  the  Bureau  of  Standards,  through  the 
courtesy  of  Director  Stratton.  Dr.  P.  0.  Nutting  of  the  bureau  ver}- 
kindly  placed  his  laborator)'  at  my  disposal  for  several  days  and 
worked  with  me  upon  the  problem.  The  sodium  was  contained  in  a 
seamless  tube  of  thin  steel,  which  was  exhausted  to  a  ])ressure  of  a 
millimeter  or  two,  and  heated  to  a  full  red  heat  in  a  combustion 
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furnace.     The  spectrograph  had  a  focal  length  of  a  meter  and  was 
furnished  with  a  large  Cornu  double  prism  of  quartz.     The  first  photo- 
graph which  we  made  showed  about  forty  lines,  an  increase  of  twelve. 
\Vc  used  as  a  source  of  light  a  very  powerful  cadmium  spark  obtained 
from  a  io,ooo-volt  transformer  with  a  condenser  in  the  circuit.     An 
exposure  of  about  an  hour  was  sufficient,  with  a  column  of  sodium 
vapor  80  cm  in  length.     There  were  indications,   as  before,   t" 
more  lines  would  come  out  with  a  higher  resolving  power,  and 
accordingly  added  two  more  Cornu  prisms,  which  gave  us  a  dispersion 
and  resolving  power  comparable  with  that  of  a  21 -foot  grating  in  tlic 
first  order.     An  iron  arc  comparison  spectrum  was  impressed  on  ea  ' 
plate,  with  an  exposure  of  i^  seconds. 

It  was  found  that  a  good  deal  depended  upon  getting  the  sodium 
vapor  at  just  the  right  density.  The  color  of  the  transmitted  light 
was  deep  violet,  but  if  the  vapor  became  too  dense  a  general  absorp- 
tion appeared  in  the  ultra-violet  which  spoiled  the  spectrum.  On  the 
best  plate  I  have  counted  48  lines,  which  enables  us  to  test  the  formula 
up  to  the  point  where  n  =  50.  This  puts  solar  hydrogen  far  in  the 
rear  with  its  29  Hnes. 

Three  of  the  spectra  are  reproduced  on  Plate  XII.  They  were 
taken  with  different  degrees  of  vapor-density.  In  the  case  of  the  rarer 
vapor  the  end  of  the  series  does  not  come  into  view.  It  is  interesting 
to  note  the  progressive  decrease  in  the  width  of  the  lines  with  decreas- 
ing wave-length.  The  first  five  lines  of  the  series  are  not  reproduced, 
as  the  scale  is  too  large.  With  dense  vapor  they  are  ver>-  broad,  and 
a  channeled  absorption  spectrum  was  found  bordering  the  first  three 
Unes  in  the  ultra-violet,  analogous  to  the  one  which  is  found  both 
above  and  below  the  D  lines.  As  I  have  shown  in  a  pre\  ious  paper 
published  in  the  Philosophical  Magazine,  it  is  probable  that  the 
mechanism  which  produces  the  principal  series  is  identical  or 
connected  with  that  which  gives  rise  to  the  complicated  channeled 
absorption  spectrum,  with  its  thousands  of  lines,  for  the  absorption  of 
blue-green  light  by  the  vapor  causes  the  yellow  D  hnes  to  appear  in 
the  fluorescence  spectrum.  It  is  most  significant  that  the  other  lines 
of  the  principal  series  are  bordered  by  channeled  spectra  as  well  as 
the  D  lines! 

Even  on  the  best  plate,  on  which  it  is  possible  to  count  48  lines, 
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there  are  indications  that  higher  resolving,'  powers  would  hrinj^  more 
into  view,  for  tlie  head  of  the  hand  is  (harlv  iiKhcaled,  thou^^h  it  is 
not  resolvable  into  lines. 

The  plates  were  very  carefuUy  measured  on  the  large  dividing 
engine  of  the  university,  and  tiie  results  agreed  within  about  0.02  of 
an  Angstrom  unit.     They  are  given  in  the  following  table. 

\V.\\  K-LllNcniiS  ()!•    Ll.XKS   l.\    M.M^MKR  SIORIES  OF  SoDUM    \  AI'OR 


A               1 
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2417-38 
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31 

32 
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17.71 

44 

15-37 

II 75  .60 

AC 

12 64 .  s  ? 

46 

15  C56 

13 1          56.02 

14 4946 

I  ^ 44 .  24 

4.7 

14.94 
14.78 
14.64 

14-50 

48 

40 

16 40.06 

17 36.70 

CO 

As  will  be  seen  from  the  table,  the  last  22  lines,  i.  e.,  nearly  one- 
half  of  the  w^hole  series  thus  far  observed,  fall  in  a  region  of  the 
spectrum  not  wider  than  the  distance  between  the  D  lines! 

Kayser  gives  on  page  521  the  constants  of  the  Balmer  formula 
for  the  sodium  series,  computed  from  the  seven  lines  known  at  the 
time. 

These  seven  lines  are  well  represented  by  the  expression 

io^A-'=4i496. 34— 127040  «-2  — 843841  «"■*. 

With  the  complete  series  now  at  our  disposal  it  will  be  necessary  to 
redetermine  the  constants. 

I  have  calculated  the  wave-lengths  of  the  32d  and  the  50th  line 
from  the  formula,  finding  2417.5  instead  of  2418.44  (observed), 
and  2415.2  instead  of  2414.5;  that  is,  the  calculated  values  are  sep- 
arated from  the  observed  by  a  distance  equal  to  the  distance  between 
four  of  the  lines  at  this  i)oint  of  the  spectrum.     .\s  will  be  seen  from 
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the  table,  the  distance  between  the  last  lines  is  only  0.16  of  an  Angstrom 
unit,  and  we  are  probably  within  one  unit  of  the  theoretical  limit  of 
the  series. 

I  intend  to  make  an  attem])t  to  extend  the  series  still  farther  by 
photographing  the  spectrum  with  the  21-foot  grating  in  the  second 
order,  though  a  very  long  exposure  will  be  necessary,  as  a  screen  will 
have  to  be  used  which  will  cut  out  the  superposed  blue-green  of  the 
first  order.  Such  a  screen  is  not  difficidt  to  prepare,  though  its  1 
may  increase  the  necessary  time  of  exposure. 

One  point  of  great  interest  noticed  with  very  dense  sodium  vapor 
is  the  general  absorption,  which  begins  exactly  at  the  head  of  the 
Balmer  series  and  extends  from  this  point  dow^n  to  the  end  of  the 
ultra-violet.  The  vapor  is  much  more  transparent  to  the  light 
between  the  absorption  lines  than  in  the  region  below  the  head  of 
the  series.  The  head  of  the  series  in  the  absorption  spectrum 
actually  shows  much  brighter  on  this  account  than  the  rest  of  the 
spectrum  below  it,  exactly  the  opposite  of  what  we  should  expect. 
Evershed's  observation  of  a  faint  continuous  emission  spectrum 
below  the  head  of  the  hydrogen  series  (chromosphere)  is  interesting 
in  this  connection.  This  matter  in  relation  to  the  density  of  the 
vapor  and  the  admixture  of  small  traces  of  other  gases  will  be  further 
investigated. 

Johns  Hopkins  Unix'ersity 
December  9,  1908 
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The  discovery,  on  tlu-  one  hand,  of  delays  in  the  time  of  coin- 
cidence of  lines,  made  by  Helojjolsky'  in  the  case  of  the  spectroscopic 
binary  fS  Aurigac,  and,  on  the  other  hand,  the  detection  of  certain 
photometric  i)eculiarilie>  of  \ariable  stars,  made  almost  simulta- 
neously with  dilTerent  a])paratus  l)y  Xordmann''  and  by  TikholT,^ 
have  led  these  j^enllemen  to  explain  the  observed  phenomena  as  the 
result  of  an  appreciable  dispersion  of  light  in  space.  This  assumption 
>eemed  to  me  so  improbable  that  I  preferred-*  to  ascribe  the  observed 
phenomena  to  physical  peculiarities  of  the  observed  stars,  and  not 
to  new  properties  of  space;  this  led  to  a  lively  exchange  of  opinions 
on  the  subject. 5 

Since  the  question  of  the  dispersion  of  light  in  space  is  of  signifi- 
cance in  principle,  it  seems  to  mc  that  a  discussion  of  this  matter  is 
not  superfluous, 

I.      DISPERSION    OF     LIGHT    IN    SPACE    AND    THE    ELECTROMAGNETIC 

THEORY   OF   LIGHT 

If  we  adopt  the  standpoint  of  the  electromagnetic  theor}'  of  light, 
which  has  been  proved  many  times  experimentally  and  has  main- 
tained itself  so  brilliantly,  we  can  assign  a  dispersion  only  to  a  medium 
composed  of  the  dispersionless  ether  and  the  selectively  absorbing 
molecules  imbedded  therein.  In  such  a  medium  the  dispersion 
is  inseparably  connected  with  the  absorption  of  light.^     Planck"  has 

1  Bulletin  de  I' Acad,  de  St.  Petersbourg,  21,  153,  1905  (in  Russian). 

2  Lontptes  Rendus,  146,  266  and  t^t,,  1908. 

3  Ibid.,  146,  570,  1908;  Mitteiiungen  der  Nikolaisterii'iVarte  in  Pulkcrwa,  No.  21, 
1 90S. 

4  Bulletin  de  I'  Acad,  de  St.  Petersbourg,  24,  93,  1906  (in  Russian);  Comptes  Rendus, 
146,  1254;  147,  515,  1908. 

s  A.  Belopolsky,  Bulletin  de  I'.lcad.  de  St.  Petersbourg,  24,  97,  1906  (in  Russian); 
C.  Xordmann,  Comptes  Rendus,  147,  24  and  620,  1908;  G.  .\.  Tikhoff,  ibid.,  147, 
170,  1908;  J.  Stein,  ibid.,  147,  228,  1908. 

6  The  connection  between  dispersion  and  absorption  is  not  limited  to  solely 
electromagnetic  processes,  occurring  for  all  vibrations,  both  elastic  and  acoustic. 

7  Sitzungsberichte  der  Berliner  .Acad.,  1904,  748. 
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computed  the  distance  of  relaxation,  i.  e.,  the  thickness  of  the  stratum 
in  which  the  ampHtude  of  a  plane  wave  is  reduced  to  its  c'^  part  for 
a  medium  in  which  the  dispersion  corresponds  to  that  of  hydrogen 
at  760  mm  and  0°  C. 


Line 

Index 

Distance  of  Relaxation 

B                           1.00014217 
D                        I. 00014294 
G                         I. 00014554 

1. 8X108  cm 
1 .0X108  cm 
2.7X107  cm 

The  delay  of  light  between  the  lines  D  and  G,  which  accordi  " 
to  Nordmann  and  Tikhoff  occurs  in  space,  would  have  to  be  from 
0.000,000,01  to  0.000,000,34;  that  is,  it  would  be  equal  to  the  dis- 
persion in  hydrogen  at  0°  C.  and  at  from  3  mm  to  100  mm  pressure. 
For  hydrogen  at  3  mm  pressure,  the  relaxation-distance  for  the 
D  line  would  amount  to  about  2.5X10^  cm.  But  through  such  a 
medium  no  appreciable  fraction  of  the  hght  of  the  sun  or  of  the 
stars  could  in  any  way  reach  the  earth.  If  for  hydrogen  we  substitute 
any  other  dispersive  gas,  and  if  we  make  the  assumption  that  this 
gas  is  uniformly  distributed,  or  not,  in  the  direction  of  the  ray,  the 
final  result  is  thereby  not  altered:  the  sun  and  the  stars  would  remain 
invisible.  The  possibiHty  is  therefore  excluded  that  demonstrable 
dispersion  in  space  can  be  caused  by  the  presence  of  ponderable 
matter  subject  to  known  physical  laws. 

There  would  be  left  the  hypothesis  that  the  ether  itself  might 
produce  a  dispersion  without  absorption.  This  assumption,  however, 
is  equivalent  to  asserting  that  all  our  electromagnetic  theories  must 
be  cast  aside  at  once,  since  the  question  as  to  the  dispersion  of  light 
in  pure  ether  is  by  no  means  one  which  has  been  overlooked  or  has 
not  received  attention  in  scientific  investigation.  The  assumption 
that  there  is  absolutely  no  dispersion  in  pure  ether  forms  the  basis 
of  all  the  electromagnetic  theories,  and  countless  experimental  results 
of  the  most  varied  sorts  (cathode  rays,  Rontgen  rays,  and  everything 
in  optics)  are  in  entire  harmony  with  this  assumption.  It  is  there- 
fore not  permissible  to  propose  that  such  a  dispersion  exists  in  space 
as  a  provisional  astronomical  hypothesis  to  satisfy  observations; 
it  could  be  proposed  only  after  a  mature  critical  examination  of  its 
foundation  and  with  a  clear  idea  of  its  enormous  significance. 
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In  what  follows  I  shall  altcmpl  to  show  that  positive  evidence 
of  a   dispersion   of  li^ht    in   space,   which    Xordmann   and   TikholT 
belic\e  ihey  have  found,  j^ives  no  occasion  for  a  re\  i^ion  of  our  electro 
magnetic  theories,  inasmuch  as  the  mcllioils  imploycd  arc  on  priti 
liplc  iiiiipplicahlf  and  the  i)Osilive  result  announced  is  illusory. 

II.      THE   SPKCTROSCOPIC    BINARY    (3   Aurif^dC 

TikholT  emi)loyed  the  sj)ectroscoj)ic  data  as  to  this  star  obtained 
by  Bclopolsky  and  himself  in  the  foUowinj^  manner.  From  spectro- 
":rams  made  for  two  ret^ions,  the  "blue"  1/442  to  /  462),  and  the 
"violet"  (from  A  3^3  to  /  410),  he  comj)Utes  the  epochs  of  coincidence 
of  the  lines,  and  he  fmds  that  for  the  "violet"  rays  the  epoch  is 
delayed  by  0.015  ^^V  ^^'^h  respect  to  the  blue  rays;  from  this  Tikhoff 
concludes  that  there  is  a  demonstrable  amount  of  dispersion  of 
light  in  sjjace. 

In  his  computation  he  makes  the  tacit  hypothesis  that  all  "blue" 
spectral  lines  and  all  the  "violet"  lines,  respectively,  coincide  simul- 
taneously (i.e.,  differ  by  less  than  0.005  ^^y  ^^^  ^^^  ^^ee  from 
systematic  errors).  This  hypothesis  is  false,  however,  and  con- 
sequently Tikhoff's  whole  computation  is  illusor}-,  and  his  publication 
already  cited  here  gives  only  mean  values  from  which  the  error 
committed  can  no  longer  be  proved.  In  order  to  show  this  error 
clearly,  I  give  in  Table  I  the  direct  measurements,'  limiting  myself 
to  three  "violet"  lines  (^1=393,  Ca;  ^,=405,  Fe;  A^  =  408?),  for 
which  the  observed  data  is  most  extensive  in  the  neighborhood  of 
the  second  epoch  of  coincidence,  at  about  2.00  days.  The  material 
is  collected  for  ditTerent  epochs,  E,  which  are  reckoned  forward  in 
days  from  the  moment  of  the  first  coincidence;  under  f,,  Vj,  v^,  the 
differences  in  kilometers  per  second  of  the  measured  velocities  of  the 
two  components  according  to  the  measures  of  Belopolsky  (B)  and 
Tikhoff  iT)  are  given.  As  Tikhoff  states,  the  velocities  {v)  are  well 
represented  by  the  formula 

360XE 


222  km  sin 


3-9599 


'  I  extract  these  original  measurements  from  the  hartily  accessible  paper  by 
TikhotT,  printed  in  Russian,  ".\ttempt  at  an  Investigation  of  the  Dispersion  in  Space 
on  the  Basis  of  Observations  of  the] Spectroscopic  Binary  /3  Aurigae"  in  the  Publica- 
tions oj  the  School  oj  Mines  in  Jekaterinoslaw,  1905,  pp.  32,  33. 
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With  this  formula  I  have  computed  the  epochs  C,,  Cj,  C3,  of  the 
coincidence  of  the  lines  from  each  separate  observation,  and  I  have 
formed  the  differences  Ci— Cj  and  C^  — C3  for  each  plate. 
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+  0.240 
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How  we  may  now  compute  the  mean  values  of  d  —  C^  and  C^  ~^i^ 
which  observations  would  appear  too  discordant  and  uncertain,  is 
of  no  consequence  for  the  result.  There  is  unquestionably  a  sys- 
tematic differen.ce  of  the  epochs  of  coincidence  C,  -Cj  of  about 
+  0.02  day,  and  for  C^  — C3  of  about  —0.04  day,  which  applies  to 
the  measurements  of  each  observer  on  c.\])Osures  made  simulta- 
neously on  the  same  plate. 

Hence  it  follows  that  it  is  not  j^crmissiblc  to  combine  the  results 
for  separate  "violet"  lines  in  a  mean  value,  as  Tikhoff  has  done,  and 
comparing  it  with  a  similar  mean  value  for  the  "blue"  lines  (which 
were  on  different  [jlates  made  with  different  instruments  and  at 
different  times),  to  thence  infer  a  difference  of  0.015  ^^'"^y'  inasmuch 
as  this  difference  can  have  no  real  physical  meaning.  It  is  suffi- 
ciently evident  from  the  data  cited  that  the  method  proposed  by 
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TikholT'  of  u>in}^  tlu-  (lilTcrcncc  of  fpochs  of  loincidcncc'  for  the 
investigation  of  the  dispersion  of  lij^lit  in  spaee  is  invalid  on  principle: 
otherwise  we  should  he  K)m|)elled  to  a»ert  that  there  was  a  "normal" 
dispersion  in  the  rej^ion  from  /  .V).>  l<>  /  405,  and  an  "anomalous" 
dispersion  in  the  rej^ion  from  X  405  to  /  408. 

It  is  obvious  that  the  observed  dilTerenee  of  the  epochs  of  coin- 
•idenee  is  to  be  souj^iit  in  the  indJNidual  pe(  uliarilies  of  the  >tar 
nd  not  in  those  of  space. 

III.     vnv.  i>ispi..\ci:mf.nt  of  moxochromatic  minima  of 

VARIABLK  STARS 

From  obser\ations  of  \ariable  stars  with  color-filters  in  aj)j)roxi- 
mately  monochromatic  lif^ht,  Xordmann  by  direct  j)hotomclric 
measurements,  and  Tikhotl  by  estimates  of  the  photographic  den- 
sities, found  in  agreement  with  each  other  that  the  epochs  of  minima 
in  yellow  light  appreciably  anticipate  those  in  violet  light. 

Thus  Xordmann  finds  for  /3  Pcrsci  a  dilTerenee  in  the  time  of 
minima  of  16  minutes  between  X  680  and  /  430,  and  of  9  minutes 
between  A  510  and  /  430.  From  this  a  difference  of  time  of  11 
minutes  may  be  computed  for  the  interval  between  X  560  and  X  430. 
TikholT  finds  for  RT  Persei  a  ditTercnce  in  time  of  4  minutes  for  the 
same  spectral  interval. 

But  if  we  place  the  results  of  the  determinations  of  dispersion  by 
the  two  observers  side  by  side,  and  note  that  according  to  X'ordmann 
the  distance  of  yS  Persei  amounts  to  60  light-years,  while  RT  Persei 
according  to  Tikhoflf^  has  a  distance  of  740  light-years,  we  obtain 
the  ratio: 

6o:74o>3o:i- 
A  method  which  yields  such  widely  different  results  for  the  same 
constant  cannot  be  anything  else  than  incorrect  and  therefore  wholly 
inapplicable. 

The  results  obtained  for  the  other  stars  observed  {X  Taiiri,  W 
Ursae  majoris)  do  not  permit  of  a  comparison,  since  their  parallaxes 
arc  unknown. 

'  Memorie  Spett.  Hal.,  27,  107,  1898. 

'  The  comparison  of  the  epochs  of  coincidence  would  have  a  physical  basis  only 
for  lines  of  the  same  spectral  series  of  an  element.     This  is  overlooked  by  Tikhoff. 
i  Comptes  Rendus,  147,  171,  1908. 
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The  monochromatic  Hght-curvcs  differ  very  considerably  among 
themselves.  Fig.  i  gives  the  measurements  of  Tikhoff  for  RT 
Persei  and  IT  Ursae  majoris.'  The  fact  that  the  monochromatic 
curves  are  not  solely  dis])laced  ])arallcl  to  themselves,  is  a  proof  that 
this  behavior  is  due  to  the  individual  optical  properties  of  the  star, 
or  to  the  imperfection  of  the  methods  of  observation,  and  not  to  the 
dispersion  of  light.  It  is  therefore  physically  impossible  without 
discussing  the  whole  behavior  of  the  curves  to  extract  solely  the 
moments  of  minima  and  regard  their  differences  as  a  proof  that 


'\  \  Vv  Wn.  iojL  UlAJcnAs 


Fig.  I 


light  is  propagated  in  space  with  an  appreciable  dispersion.  If  we 
should  logically  apply  this  principle  further,  we  should  have  to  regard 
the  assertion  as  not  impossible  that  the  green  light  of  IF  Ursae  majoris 
travels  with  two  different  velocities  in  space. 

IV.       ox    THE    PHYSICS    OF    V.ARIABLE    STARS 

The  displacement  of  the  epochs  of  coincidence  of  the  lines  for 
y8  Aurigae,  as  well  as  the  displacement  of  the  monochromatic  minima 
for  RT  Persei  may  be  attributed  in  a  natural  way  to  physical  pro- 
cesses on  the  variable  stars.     In  what  follows  I  would  call  attention 

'  The  form  and  position  of  the  minima  as  given  by  Tikhoff  (Fig.  i)  can  only  be 
accepted  with  reserve:  the  photographic  method  is  ill  adapted  to  such  investigations, 
as  it  furnishes  the  integral  etTect  of  a  relatively  long  exposure  time  (e.  g.,  for  RT  Persei, 
lo  to  20  minutes),  and  the  fine  details  of  the  minima  are  concealed.  For  this  case 
direct  photometry  as  employed  by  Nordmann  is  decidedly  more  appropriate,  as  this 
furnishes  the  instantaneous  values  of  the  brightness;  unfortunately  these  observations 
are  nf)t  yet  published. 
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to  two  processes  which  arc  comjHtcnt  to  give  to  the  stars  the  optical 
l)roperties  already  (lescrihed. 

The  system  of  fS  Aurii^ac  is  according  to  \'ogcl'  composed  of 
two  suns  which  are  very  close  to  each  other;  it  is  therefore  to  be 
assumed  that  the  absorbing  masses  of  gas  which  surround  these 
suns  are  under  a  dilTerent  |)ressure  on  the  sides  toward  each  other 
from  that  on  the  sides  away  from  eacii  other.     An  ol)server  comj)ares 


the  coincidences  of  lines  from  two  absorbing  layers  (a  with  B,  and 
A  with  b.  Fig.  2)  which  arc  under  different  degrees  of  pressure,  and 
are  therefore  according  to  Humphreys  displaced  in  the  spectrum. 
The  coincidences  of  lines  then  will  not  be  observed  at  the  transit 
of  the  stars  through  the  line  of  sight,  but  at  such  velocities  of  the 
bodies  in  the  line  of  sight  that  the  Dopplcr  displacement  exactly 
corresponds  to  the  pressure-shift:    the  epochs  of  coincidence  must 

'  Silzungsberichte  der  Berliner  Acad.,  1904.  514. 
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therefore  turn  out  differently  for  different  lines,  which  is  in  agreement 
with  the  discovery  of  Belopolsky  as  to  fi  Aurigac. 

He  satisfactorily  shows  from  the  nature  of  the  monochromatic 
curves  of  eclipse  that  the  eclipsing  body  possesses  an  atmosphere 
with  a  selective  absorption,  for  otherwise  we  should  not  be  able  to 
explain  the  conspicuous  difference  of  the  amphtudes  of  these  curves. 

We  must  assume  in  the  case  oi  RT  Persei  that  the  violet-absorbing 
atmosphere  which  causes  an  eclipsing  during  two  hours  is  wra})ped 
closer  about  the  satellite  than  the  yellow-absorbing  atmosi)here 
which  causes  an  eclipsing  during  three  hours.  If  we  make  the 
assumption  that  these  atmospheres  are  not  absolutely  concentric 
and  that  their  optical  centers  of  gravity  are  displaced  by  the  thirtieth 
part  of  their  diameters  with  respect  to  each  other  in  the  direction 
of  their  orbital  velocities,  then  the  displacement  of  the  monochromatic 
minima  of  four  minutes  measured  by  Tikhoff  is  quantitatively 
explained. 

Such  an  asymmetry  may  be  explained  by  the  axial  revolution  of 
the  satellite.  The  thermal  effect  of  the  central  body  C  (Fig.  3)  on 
the  daylight  side  D  may  produce  such  alterations  in  the  distribution 
of  the  atmosphere  about  the  sateUite,  that  an  appreciable  difference 
is  caused  in  the  boundaries  of  the  violet-absorbing  and  the  yellow- 
absorbing  elements  of  the  atmosphere  on  the  morning  side  M  and 
on  the  evening  side  E  of  the  satellite. 

Such  a  case  occurs  on  a  small  scale  in  our  planetary  system. 
If  a  person  on  the  moon  was  to  observe  a  solar  eclipse  both  in  the 
infra-red  rays  at  A  3.0  /u.,  where  there  is  a  maximum  of  absorption 
of  water- vapor,  and  also  in  the  visible  rays,  at  A  0.5  /x,  for  which 
water-vapor  is  transparent,  then  he  would  note  a  displacement  of 
these  monochromatic  minima,  since  the  absolute  humidity  of  the 
earth's  atmosphere  is  greater  on  the  evening  side  of  the  earth  than 
on  the  morning  side.  This  displacement  would  be  measured  in 
fractions  of  a  second  for  an  eclipse  by  the  earth,  but  in  an  eclipse 
by  a  large  satellite  moving  close  to  the  central  body,  it  might  increase 
to  several  minutes. 

The  thermal  phenomena  are  not  the  only  ones  which  can  be  here 
effective:  as  Nordmann'  remarks,  tidal  phenomena  in  tlie  atmospheres 

'  Comf)tes  Rendus,  147,  24,  lyoS. 


DISPKKSlOX  or  I. Hill  I    l.\  S/'.ICK  109 

of  the  central  body  and  of  llu-  salillili-  must  similarly  j)r()diKf  slronj^ 
optical  asymmetry. 

The  observed  data  available  are  too  ineomjjlete  to  permit  us  to 
i^o  further  into  the  constitution  of  the  stars  /S  Aurif^ar  or  RT  Pcrsii. 
The  ideas  presented  above  as  to  the  structure  of  these  systems  are 
only  intended  to  serve  for  assigning  to  already  known  jjhysical  pro- 
cesses the  cause  of  the  phenomena  regarded  by  Xordmann  and 
TikholT  as  the  disjjcrsion  of  light  in  space.  However,  since  such 
processes  are  very  com])licated  for  each  individual  star  and  arc 
quantitatively  entirely  unknown  to  us,  it  is  clear  that  the  methods  of 
TikholT  and  of  Xordmann  are  not  com])etent  to  separate  a  dis- 
persion in  space,  even  if  existing,  from  these  effects,  whence  on 
principle  such  a  dispersion  cannot  he  demonstrated. 

It  follows  from  what  has  been  said  above  that  now  as  heretofore, 
in  agreement  with  all  of  our  experience  as  to  electromagnetic  pro- 
cesses, we  must  regard  space  as  entirely  free  from  any  demonstrable 
dispersion  of  light. 

Moscow 
November  1908 


SPECTROSCOPIC  IXVESTIGATIOXS  OF  THE  ROTATION 
OF  THE  SUX  DURING  THE  YEAR  1908' 

By  WALTER  S.  ADAMS 

The  results  of  a  determination  of  the  rotation  of  the  sun  based  on 
photographic  observations  of  the  displacements  of  the  spectrum  lines 
were  published  by  the  writer  in  November  1907.^  Two  conclusions 
derived  from  this  investigation  were  of  special  importance  as  bearing 
on  a  continuation  of  the  work.  The  first  was  that  a  considerably 
longer  series  of  observations  was  necessar}^  in  order  to  furnish  reliable 
evidence  in  regard  to  a  variation  in  the  rate  of  the  solar  rotation.  The 
second  was  that  the  rotation  rate  dilTered  for  different  lines,  making 
it  particularly  desirable  to  include  in  later  determinations  lines  of 
elements  showing  a  wide  range  in  the  altitude  which  they  attain  in  the 
solar  atmosphere.  The  observations  made  during  the  present  year, 
accordingly,  divide  themselves  naturally  into  two  parts.  The  first 
is  a  direct  continuation  of  the  earher  w^ork  on  the  rotation  of  the 
general  reversing  layer  with  a  view  to  detecting  a  possible  variation 
in  the  rate  of  rotation  during  the  intersal  covered.  The  second  is  a 
study  of  the  lines  of  certain  elements  which  are  known  from  in- 
vestigations of  the  chromospheric  spectrum  to  rise  to  great  altitudes 
in  the  sun's  atmosphere.  Preliminar)'  values  for  one  of  these  lines,  the 
a  line  of  hydrogen,  have  already  been  published .^  In  the  present 
paper  is  given  a  more  detailed  account  of  the  results  of  the  research. 

The  photographs  obtained  during  1906-1907  were  made  with  the 
Snow  telescope  and  the  18-foot  (5.5  m)  Littrow  spectrograph  regularly 
employed  with  it  for  general  spectroscopic  w^ork.  During  the  autumn 
of  1907  the  tower  telescope  was  completed,  and  the  decidedly  su- 
perior advantages  which  it  offered  for  an  investigation  of  this  sort 
led  to  its  use  for  all  observations  made  after  January   1908.      A 

'  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  No.  t,t,. 

2  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  No.  20;  Astro  physical 
Journal,  26    203,  1907. 

i  Contributions  Jrom  the  Mount  Wilson  Solar  Observatory,  No.  24;  Astrophysua 
Journal,  27,  213,  1908. 
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dttailcd  description  of  the  tower  telescope  and  the  ;?o  foot  (q.i  m) 
LillroNV  si)ectro^rai)h  used  with  it  will  he  found  el>ewhere.'  The 
images  of  the  sun  formed  hy  the  tower  are  a>  a  rule  considerably 
suj)erior  to  those  given  by  the  Snow  telescope.  Not  only  is  the  defi- 
nition of  the  image  better,  but  there  is  much  greater  freedom  from 
changes  of  focus,  and  the  elTect  of  astigmatism  is  largely  eliminated. 
The  last  feature  is  of  especial  importance  in  observations  of  the 
rotation,  since  the  etTect  of  astigmatism  is  to  bring  upon  the  >lit  light 
from  dilTerenl  latitudes  on  the  sun's  surface,  and  consecpiently  to 
introduce  systematic  errors  into  the  results.  As  compared  with  the 
Snow  telescope  the  tower  has  but  one  serious  disadvantage,  namely, 
the  color-curve  of  the  objective  which  is  used  in  place  of  the  con- 
cave mirror  of  the  former  instrument.  With  a  knowledge  of  the 
form  of  this  curve,  however,  it  is  merely  necessary  to  make  a  corre- 
sponding allowance  in  focusing  the  sun's  image  upon  the  slit  of  the 
spectrograph,  and  this  has  always  been  done  when  working  in  the 
violet  region  of  the  spectrum  where  the  color-curve  is  comparatively 
steep.  The  difference  in  the  size  of  the  visual  and  the  photographic 
images  upon  the  slit  is  then  readily  computed  from  this  difference  of 
focus. 

The  essential  difference  between  the  30-foot  spectrograph  and  the 
18-foot  instrument  of  the  Snow  telescope  is  that  the  former  is  capable 
of  rotation  about  a  vertical  axis.  This  makes  it  possible  to  secure 
any  desired  position  angle  on  the  sun's  surface  directly.  The  spec- 
trograph is  provided  with  a  divided  circle  30  inches  (0.76  m)  in  dia- 
meter upon  which  the  readings  of  the  position  angles  are  made.  The 
spectrograph  lens  can  be  focused  and  the  grating  rotated  by  handles 
which  pass  up  the  tube  from  below,  and  the  frame  carrying  the  plate- 
holder  is  arranged  so  that  any  required  tilt  may  be  given  to  the  plate. 

The  diagonal  prism  attachment  used  to  bring  the  opposite  limbs 
of  the  sun's  image  upon  the  slit  is  considerably  more  simple  than  that 
employed  in  the  first  series  of  observations,  owing  to  the  fact  that  it 
is  fastened  directly  to  the  upper  end  of  the  spectrograph,  and  rotates 
with  it,  instead  of  being  itself  capable  of  rotation.  A  small  casting 
about  8  inches  high  rests  on  the  nviin  plate  of  the  spectrograph,  its 

"  Hale,  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  Xo.  23;    Astro 
physical  Journal,  27,  204,  1908. 
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lower  surface  coming  a  short  distance  above  the  sht.  Four  small 
diagonal  prisms  are  mounted  on  brass  blocks  fastened  to  the  under 
surface  of  this  casting,  two  immediately  above  the  slit,  and  the  other 
two  below  small  slots  in  the  casting.  The  distance  between  the 
centers  of  these  slots  is  equal  to  the  mean  diameter  of  the  sun's  image. 
The  second  pair  of  prisms  are  capable  of  adjustment  toward  or  away 
from  each  other,  to  allow  for  the  variations  in  the  sun's  diameter. 
Each  prism  is  held  in  a  small  mounting  and  provided  with  adjusting 
screws.  On  the  top  of  the  casting  is  an  aluminum  plate  ruled  with 
several  concentric  circles  by  means  of  which  the  sun's  image  is 
centered  upon  the  slit.  As  soon  as  the  prisms  had  been  accurately 
adjusted  so  that  the  grating  was  uniformly  illuminated,  the  casting 
was  fastened  to  the  top  of  the  spectrograph,  its  position  being 
accurately  defined  by  tapered  pins.  It  has  been  found  unnecessary 
to  disturb  this  adjustment  in  any  way,  since  it  is  possible  to  clean  the 
surfaces  of  the  prisms  without  removing  them  from  their  mountings. 

It  is  evident  that  in  a  form  of  instrument  in  which  the  diagonal 
prisms  are  fixed  the  danger  of  errors  arising  from  unequal  illumina- 
tion of  the  grating  surface  is  much  less  than  in  cases  where  the  prisms 
themselves  are  movable.  I  have  been  careful  to  test  this  adjustment 
frequently,  however,  usually  immediately  before  the  exposure  and 
again  at  the  end  when  the  spectrograph  is  rotated  90°  from  its  original 
position.  The  ratio  of  aperture  lo  focal  length  in  the  case  of  the 
objective  of  the  tower  telescope  is  i  to  60.  In  a  spectrograph  of 
30  feet  focal  length,  accordingly,  a  6-inch  grating  would  be  fully 
illuminated.  The  one  actually  used  has  a  ruled  surface  only  3.25 
inches  long,  and  in  the  higher  orders  is  inclined  at  such  an  angle 
that  a  beam  less  than  3  inches  in  diameter  is  sufficient  to  fill  it.  The 
factor  of  safety  evidently  is  considerable. 

The  grating  used  in  this  spectrograph  is  the  same  as  that  cm- 
ployed  in  the  previous  determination,  with  the  18-foot  instrument, 
and  described  in  the  earlier  ]ja])cr.  The  photographs  in  the  violet 
region  of  the  spectrum  have  all  been  made  in  the  third  order  of  the 
grating;  those  of  the  a  line  of  hydrogen  in  the  second  order.  Both 
of  these  orders  are  exceptionally  bright,  and  the  definition  is  excellent. 
The  linear  scale  of  the  j)lates  in  the  violet  of  the  third  order  is 
I  mm  =  0.56  .Angstrom. 


ROTATIOX  OF  SL\  II3 

Thr  M'ttinj^s  of  tlu*  position  tirck"  of  thr  s|)t'ctro>^rai)h  c()rrcsj)on(l- 
ing  U)  the  heliograi)hii  latitudes  dcsirccl  arc-  made  very  readily  with 
the  aid  of  a  short  table  of  position  angles  of  the  sun's  axis.  In  order 
to  apply  tlu>r.  lioweMT,  a  rcftTeiire  line  is  ni'tes>ary,  and  thi>  has 
been  found  hy  observing  the  transits  of  the  sun's  image  across  the 
j)Osition  circle  when  the  coelostat  mirror  is  rotated.  The  transits 
of  both  limbs  are  obsirxfd  and  the  mean  \alue  taken  a^  the  transit 
of  the  sun's  center.  The  readings  on  the  oj)|josite  sides  of  the  circle 
should,  of  course,  difTer  by  180°  if  the  image  has  originally  been 
centered  upon  the  slit.  The  line  joining  these  |)oints  gives  the  true 
east  and  we^t  direction,  and  the  calculation  of  the  desired  settings 
becomes  very  sim])le.  There  is  a  considerable  gain  of  time  in  obtain- 
ing the  direction  of  the  reference  line  in  this  way,  rather  than  by 
allowing  the  image  of  the  sun  to  drift  across  the  position  circle,  and  the 
adjustment  of  the  instrument  has  been  found  to  be  so  accurate  that 
no  appreciable  error  is  introduced. 

In  selecting  the  heliographic  latitudes  to  be  observed  I  have 
followed  the  same  course  as  in  the  earlier  series  of  observations.  For 
the  reversing  layer  an  exposure  is  made  at  every  13°  of  latitude  be- 
tween 0°  and  go°,  and  so  far  as  possible  for  at  least  one  intermediate 
point  in  each  zone.  This  gives  a  total  of  some  twelve  to  fourteen 
points  from  which  to  determine  the  velocity  curve.  In  the  case  of  the 
other  lines  the  observations  have  been  limited  to  every  15°  of  latitude. 
The  addition  of  the  exposure  at  the  pole  of  the  sun  furnishes  a  most 
valuable  check  upon  the  condition  of  the  instrument,  or  any  possible 
disturbance  of  the  slit  which  may  lead  to  a  change  in  the  inclination 
of  the  spectrum  lines.  This  is  an  important  advantage  which  the 
present  series  of  plates  possesses  over  the  previous  one  made  with 
the  18-foot  spectrograph.  With  the  latter  instrument  it  was  rarely 
possible  to  reach  the  sun's  pole  on  account  of  the  interference  of  the 
small  diagonal  prisms  which  brought  the  light  to  the  slit. 

It  is  unnccessarv-  to  describe  \t\  detail  the  method  of  reduction  of 
the  plates,  >ince  this  dilTers  but  little  from  that  given  in  the  earlier 
paper.  The  calculations  of  the  latitudes  have  as  before  been  made 
with  the  use  of  De  La  Rue's  reduction  tables,  and  the  quantities  to 
be  applied  to  correct  the  observed  velocities  for  the  departure  of  the 
sun's  pole  from  its  visible  edge,  as  well  as  for  the  earth's  motion,  have 
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been  taken  from  Duner's  recent  valuable  memoir.'  Most  of  the 
reversing  layer  plates  have  been  measured  by  ^liss  Lasby  upon  the 
150  mm  Toepfer  measuring  machine.  In  the  case  of  the  other  plates 
a  small  Gaertner  comparator  has  also  been  used.  The  periodic 
errors  for  both  instruments  arc  well  below  the  errors  of  measure- 
ment. 

The  discussion  of  the  results  obtained  naturally  divides  itself  into 
two  parts.  The  first  deals  with  the  general  reversing  layer,  by  which 
is  understood  the  region  in  the  solar  atmosphere  at  which  the  absorp- 
tion takes  place  that  gives  rise  to  the  great  majority  of  the  narrow 
lines  in  the  spectrum.  The  second  part  deals  with  those  lines  upon 
which  special  investigations  have  been  made. 

RESULTS    FOR    THE    REVERSING    LAYER 

In  order  to  facilitate  direct  comj^arison  with  the  values  obtained 
during  1906-1907  it  is  clear  that  the  list  of  lines  upon  which  the  deter- 
mination is  based  should  be  nearly  identical  with  the  former  list. 
There  are,  however,  a  few  lines  in  the  region  of  the  spectrum  A  4.190 
to  /  4300,  not  previously  included,  to  which  special  interest  is  at- 
tached. These  have  been  added  to  the  list,  and  at  the  same  time  two 
lines  in  the  former  list  have  been  omitted.  These  gave  values  close 
to  the  mean  derived  from  all  the  lines,  and  seemed  to  possess  no 
particular  significance.  The  revised  list  of  hnes  is  as  appears  in 
Table  I. 

In  Table  I  four  lines  have  been  added  to  the  list  used  in 
the  determinations  of  1906-1907.  Of  these  /  4207,  like  /  4197  and 
/  4216,  belongs  to  the  violet  cyanogen  fluting.  Of  the  remaining  three 
lines,  /  4283  and  /  4289  are  due  to  calcium,  and  are  included  for  pur- 
poses of  comparison  with  ^4227,  while  the  line  /  4233  is  added  be- 
cause of  its  interesting  l)ehavior  in  the  spectrum  of  the  chromosphere. 
Though  assigned  in  Rowland's  table  to  Mii  it  coincides  with  a 
strongly  "enhanced"  line  of  Fc,  and  its  strength  in  the  chromosphere 
makes  the  latter  identification  the  more  probable. 

The  series  of  plates  used  in  this  investigation  began  in  February 
and  continued  through  October,  numbering  33  in  all.  With  the 
exception  of  July,  at  least  one  j)late  has  been  taken  during  each  month, 

'  Xoi-a  Ada  Ren^iae  Societatis  Scientiarum  U psaliensis,  Ser.  4,  \'oI.  \.  N'o.  6. 


ROTATIOX  OF  SUN 
TABLE  I 


4 I q6 . 699 

4197-257 
4J03  730 
4207.566 
4216.136 
4230.509 
4232.887 
4233  •32'* 

4257-815 
4258.477 
4265 .418 
4266.081 
4268.915 
4276.836 
4283.169 
4284.838 
4287.566 
4288.310 
4289.525 

4290377 
4290.542 
4291.630 


Element 

Intensity 

La 

2 

C 

2 

Cr 

2 

C 

I  N 

C 

I         1 

Fe 

3         1 

Fe 

2              ' 

Mn 

^       1 

Mn 

2 

Fe 

2 

Fe 

2 

:  ^fn 

2 

Fe 

2 

-Zr 

2 

Ca 

4 

Xi 

I 

Ti 

I 

Ti,  Fe 

I 

Ca 

4 

Ti 

2 

Fe 

I 

Fe 

2 

Behavior  at  Limb 


Much  weakened 

Slif^hlly  weakened 

Slri'tij^lhened  and  widi-nt-d 

Weakened 

Weakened 

Slightly  strengthened  and  widened 

Much  strengthened  and  widened 

Much  weakened.     This  is  probably  nut  Mn, 

but  "enhanced"  line  of  Fe 
Slightly  strengthened  and  widened 
Much  strengthened  and  widened 
Slightly  weakened 
Slightly  weakened 
Slightly  weakened 
Weakened 

Strengthened  and  widened 
Slightly  weakened 
Slightly  strengthened  and  widened 
Widened 

Probably  slightly  strengthened 
Slightly  weakened.     "Enhanced"  line  of  Ti 
Slightly  weakened 
Much  strengthened 


SO  that  the  interval  may  be  said  to  be  covered  reasonably  well.  On 
account,  however,  of  the  great  variation  in  the  value  of  the  angle  the 
secant  of  which  enters  as  a  factor  in  correcting  the  observed  velocities 
for  the  tilt  of  the  sun's  pole,  it  has  been  necessary  to  limit  the  observa- 
tions at  the  highest  latitudes  to  the  time  when  this  quantity  was 
smallest.  For  this  reason  the  plates  giving  the  mean  latitude  79?  2 
cover  but  a  short  period  of  time.  In  the  case  of  some  of  the  inter- 
mediate latitudes,  as  well,  the  number  of  observations  has  been  in- 
creased toward  the  end  of  the  series  in  order  to  bring  the  weights  of 
these  points  into  substantial  agreement  with  the  others.  The  ob- 
servations at  0°  and  multiples  of  15°  from  that  point  have  been  dis- 
tributed nearly  uniformly  throughout  the  series. 

In  Table  II  is  given  a  summary  of  the  individual  plates 
in  the  same  form  as  that  used  in  the  previous  determination. 
The  velocities  are  corrected  for  the  earth's  motion,  and  are  derived 
from  a  mean  for  all  the  lines. 

The  mean  values  derived  from  Table  II  and  grouped  about 
thirteen  points  of  latitude  will  be  found  in  Table  \'.  Before 
entering  upon  a  discussion  of  the  results,  however,  it  is  desirable  to 
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TABLE  II 


Xumber 

Date 

Number 

* 

1 

Number 

Date 

Number 

* 

of  Plate 

of  Lines 

V 

of  Plate 

of  Lines 

1908 

km      1 

1908 

km 

u  103 

Feb.  16 

23 

0?2 

2.072    1 

«  12O2 

June  2 

22 

5o?3 

I  .160 

14 

7 

1.948   j 

65 

8 

0.697 

29 

6 

1.639 

79 

3 

0.254 

44 

4 

1.289 

0)  128 

June  9 

22 

0 

5 

2.049 

59 

I 

0.776 

14 

5 

1. 917 

73 

4 

0.434   1 

29 

5 

1.684 

w  105, 

Mar.  10 

22 

0 

3 

2.068 

44 

5 

1.258 

14 

6 

1.982 

59 

5 

0.829 

29 

4 

1.668 

74 

5 

0-379 

44 

2 

1-343  i 

w  132 

June  10 

22 

4 

4 

2.032 

59 

3 

0.844 

19 

4 

1.896 

74 

3 

0.408 

34 

4 

1.596 

w  105, 

Mar.  10 

22 

0 

4 

2.073 

49 

4 

1 .169 

15 

2 

1 .960 

64 

4 

0795 

30 

I 

1-673 

79 

4 

0.062 

45 

I 

1-305 

u  134 

June  II 

22 

0 

5 

2.048 

w  106 

Mar.  10 

22 

60 

5 

0.794 

4 

5 

2.013 

75 

0 

0.416 

19 

5 

1-759 

0 

4 

2.076 

34 

5 

1.562 

15 

2 

1. 971 

49 

5 

1. 166 

30 

1 

1.659 

64 

5 

0.707 

45 

I 

1-304 

79 

6 

0.262 

60 

0 

0.799 

"  1351 

June  II 

22 

0 

5 

2.060 

75 

0 

0.408 

14 

5 

1.940 

w  113 

April  8 

22 

0 

0 

2.095 

29 

5 

1-675 

14 

9 

1.967 

44 

5 

1-245 

29 

8 

1.682 

59 

5 

0-773 

44 

8 

1.294 

74 

5 

0.381 

60 

7 

0.800 

79 

5 

0.263 

75 

7 

0363 

<^  1352 

June  II 

22 

0 

5 

2.038 

w  117, 

May  26 

22 

0 

6 

2.056 

14 

5 

1-943 

14 

4 

1 .900 

29 

5 

1.680 

29 

4 

1.664 

44 

5 

1.238 

44 

6 

1. 301 

59 

5 

0.772 

60 

4 

0.827 

74 

5 

0.387 

75 

9 

0383 

79 

5 

0.266 

(0  ii7j 

May  26 

22 

0 

6 

2.060 

u  136 

June  II 

22 

0 

5 

2.047 

14 

4 

1.902 

4 

5 

1.982 

29 

4 

1 .664 

19 

5 

1.848 

44 

6 

1.297 

34 

5 

I-55I 

60 

4 

0.845 

49 

5 

1. 149 

75 

9 

0.388 

64 

5 

0.657 

w  12O1 

June  2 

22 

12 

5 

1.965 

79 

5 

0.254 

2 

5 

2.052 

w  146 

Aug.  5 

22 

0 

5 

2  034 

17 

5 

1.866 

14 

6 

1-934 

32 

8 

1-654 

29 

6 

1.658 

48 

3 

1 .172 

44 

9 

1.266 

63 

8 

0-713 

60 

I 

0.7SS 

77 

3 

0-335 

74 

9 

0.403 

«   I20j 

June  2 

22 

10 

5 

2.015 

u  147 

Aug.  5 

22 

0 

3 

2.054 

4 

5 

2.039 

14 

6 

1-959 

19 

5 

1.842 

29 

6 

1.687 

34 

8 

1.609 

44-9 

1.269 

A'()/.i/7().v  (>/••  .sr.v 

TABLI-:  n— Continued 
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Number 

Date 

Number 

<t> 

Number 

Dole 

Numlwr 

•» 

of  Plate 

of  Line!) 

V 

of  Plate 

of  Line<i 

t' 

1008 

km 

1008 

km 

->  M7 

Aug.  5 

22 

60?  I 

74-9 

0.782 
0.403 

w  165 

Aug.  27 

22 

49°4 
64.9 

1 .141 
0.694 

«  148 

Aug.  5 

22 

0-3 
14.6 
29.6 

44  9 
60. 1 

74  9 

2 .  056 

I  959 
1.688 
1 .  265 

0.805 
0.405 

u  166 

1 

Aug.  27 

22 

4-2 

II. 6 
19. 1 
34-1 
49-4 
64.9 

2.048 
I  98s 
1-875 
1.560 
1.149 
0.697 

««>  151 

.\UR.   6 

22 

0.1 
0.1 

2.066 
2.059 

w  179 

Sept.  30 

22 

60.1 
60.1 

0.863 
0.86s 

14.6 

I  952 

w  180 

Sept.  30 

22 

60.1 

0.803 

44-6 

1.270 

60.1 

0.805 

59-8 

0.812 

w  182 

Oct.  9 

22 

II. 0 

1.990 

74-9 

0.416 

II. 0 

1. 991 

w  161 

.■\ug.  26 

22 

41 
10.8 

2.044 
1.989 

19.0 
33-9 

1.843 
1-483 

19.2 

1.886 

«i83 

Oct.  9 

23 

33-9 

1.548 

34-2 

»-547 

19.0 

1.864 

49  4 

1. 081 

II  .0 

1.992 

65.0 

0.631 

II. 0 

1.998 

<n  162 

.\ug.  26 

22 

41 
10.8 
19.2 
34-2 

2.048 
1.988 
1.880 
1.504 

19.0 
33-9 
33-9 
19.0 

1.858 
1-549 
1-545 
1.859 

49  4 

1. 146 

w  184 

Oct.  22 

22 

4.0 

2.058 

65.0 

0.695 

65-5 

0.671 

<•;  163 

.\ug.  26 

22 

41 
10.8 
19.2 
34-2 
49-4 

2.040 
2.002 
1.890 

1-547 
1. 151 

60.3 
50.0 
50.0 
60.3 
655 

0.822 
1.115 
1.129 
0.827 
0.667 

65.0 

0.691 

w  185 

Oct.  22 

22 

4.0 

2.059 

0)  164 

.\ug.  26 

22 

41 
ro.8 
19.2 
34-2 

2.031 
1.994 
1.872 
1-557 

65-5 
50.0 
50.0 
65-5 

0.649 
1.104 
1. 105 
0.656 

20 

49-4 

1-147 

w  186 

Oct   22 

22 

4.0 

2.056 

20 

65.0 

0.683 

65-5 

0.654 

«  165 

Aug.  27 

22 

4.2 
II. 6 
19. 1 
341 

2.033 
1.992 
1.880 
1-556 

50.0 

65-5 
4.0 

I.IOI 

0-633 
2.062 

give  the  values  for  the  individual  lines,  using  the  quantities  obtained 
from  all  of  the  plates  belonging  to  the  same  mean  latitude.  These 
are  given  in  Table  III.  In  accordance  with  the  usual  notation 
^  denotes  daily  angular  motion,  and  here,  of  course,  corr(.>p()nds  to 
the  sidereal  period  of  rotation. 
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TABLE  III 


* 

A 

No.  of  Plates 

-•■km 

f 

o?34 

4196.699 

21   - 

2-034 

I4?44 

4197-257 

21 

2.046 

14 

52 

4203.730 

21 

2.061 

14 

65 

4207 .566 

21 

2.051 

14 

56 

4216.136 

21 

2.042 

14 

50 

4220.^09 

21 

2.058 

14 

62 

4232.887 

21 

2.066 

14 

68 

4233  328 

21 

2-054 

14 

59 

4257-815 

21 

2.076 

14 

75 

4258.477 

21 

2.069 

14 

71 

4265.418 

21 

2.060 

14 

63 

4266.081 

21 

2-074 

14 

74 

4268.915 

21 

2.072 

14 

72 

4276  836 

21 

2  .066 

14 

67 

428^.169 

21 

2.070 

14 

70  ■ 

4284.838 

21 

2  .069 

14 

69 

4287.566 

21 

2.065 

14 

66 

4288.310 

21 

2.066 

14 

67 

4289.525 

21 

2.070 

14 

70 

4290.377 

21 

2.061 

14 

64 

4290.542 

21 

2.070 

14 

70 

4291.630 

21 

2.071 

14 

71 

4  08 

4196.699 

15 

2.023 

14 

40 

t   *-"-' 

4197-257 

15 

2.026 

14 

42 

4203.730 

15 

2.034 

14 

48 

4207.566 

15 

2.034 

14 

48 

4216.136 

15 

2.028 

14 

43 

4220.509 

15 

2.047 

14 

57 

4232.887 

15 

2.042 

14 

54 

. 

4233-328 

15 

2.049 

14 

58 

4257-815 

15 

2.052 

14 

60 

4258.477 

15 

2.044 

14 

55 

4265.418 

15 

2.041 

14 

54 

4266.081 

15 

2.048 

14 

57 

4268.915 

15 

2.042 

i-t 

53 

4276.836 

15 

2.039 

14 

52 

4283.169 

15 

2  037 

14 

50 

4284.838 

15   - 

2  035 

14 

48 

4287.566 

15 

2.032 

14 

46 

4288.310 

15 

2-033 

14 

47 

4289.525 

15 

2.037 

14 

49 

4290.377 

15 

2.032 

14 

46 

4290.542 

15 

2.040 

14 

52 

4291.630 

15 

2.049 

14 

58 

I  I  .  16 

4196.699 

12 

1.986 

14 

37 

4197.257 

12 

1.987 

14 

37 

4203.730 

12 

2.005 

14 

48 

4207 .566 

12 

1-997 

14 

44 

4216.  136 

12 

1.991 

14 

41 

4220. 509 

12 

2.006 

14 

49 

4232.887 

12 

2.001 

13 

47 

4233  328 

12 

2.003 

14 

48 

4257.815 

12 

2.006 

14 

49 

4258.477 

12 

2.006 

14.49 
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'! 
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■J 

* 

A 

-No.  ol  I'lairs         t 
1 

km 

( 

ii?i6 

426^.418 

12       1       2 

004 

I4?48 

4266  081 

12              2 

004 

14.48 

4268. QI 5 

12              2 

001 

14 

47 

4276.836 

1  2              2 

010 

•4 

55 

428^. i6g 

12              I 

999 

M 

45 

4284.838 

12              I 

995 

'4 

43 

4287.^66 

12              I 

997 

■4 

43 

4288.310 

12              I 

998 

14 

44 

4289.525 

12       1       I 

999 

14 

45 

4290.377 

12              I 

976 

14 

30 

4290.542 

12              2 

001 

14 

43 

4291 .630 

12              2 

000 

14 

44 

14  86 

4196.699 

18              I 

928 

14 

16 

4197  257 

18              I 

929 

14 

'7 

4203  730 

18              I 

946 

«4 

29 

4207 .566 

18              I 

940 

«4 

25 

4216.136 

18              I 

944 

14 

29 

4220.509 

18              I 

946 

14 

29 

4232.887 

18              I 

951 

14 

32 

4233.328 

18              I 

948 

14 

30 

4257.815 

18              I 

957 

14 

36 

4258 -477 

18              I 

954 

14 

35 

4265.418 

18              I 

948 

14 

30 

4266.081 

18              1 

949 

14 

31 

4268.915 

18              I 

952 

U 

33 

4276,836 

18              I 

951 

14 

33 

4283.169 

18              I 

951  i   « 

14 

33 

4284.838 

18              1 

942 

14 

26 

4287 .566 

18              I 

946 

14 

29 

4288.310 

18              I 

954 

14 

35 

4289.525 

18              I 

952 

14 

33 

4290.377 

18              I 

935 

14 

21 

4290.542 

18              I 

956 

14 

36 

4291 .630 

18              I 

950 

14 

31 

19.21 

4196.699 

14              I 

862 

14 

00 

4197  257 

14              I 

862 

14 

00 

4203.730 

14              I 

874 

14 

09 

4207.566 

14              I 

878 

14 

12 

4216.136 

14              I 

865 

14 

02 

4220.509 

14              I 

878 

14 

12 

4232.887 

14              I 

878 

14 

12 

4233  328 

14              I 

881 

14 

14 

4257  815 

14              I 

879 

14 

13 

4258.477 

14              I 

875 

14 

09 

4265.418 

14              I 

865 

14 

02 

4266.081 

14       I       I 

876 

14 

10 

4268.915 

14       1 

872 

14 

06 

4276.836 

14       j 

866 

14 

02 

4283.169 

14       i 

86^ 

14 

00 

4284.838 

14       1       I 

864 

14 

01 

4287.566 

14              I 

86  ^ 

14 

02 

4288.310 

M      1      I 

869 

14 

04 

4289.525 

14           I 

866 

14 

03 

4290 -377 

14     1      I 

862 

14 

00 
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* 

A 

No.  of  Plates       t 

km 

f 

I9?2I 

4290.542 

14          I 

872 

i4':o8 

4291 

630 

14          I 

875 

14 

09 

29.66. ...... . 

4196 

699 

16          I 

1 

632 

13 

50 

4197 

257 

16          I 

655 

13 

52 

4203 

730 

16          I 

678 

13 

70 

4207 

S66 

16          I 

666 

13 

61 

4216 

136 

16          I 

647 

13 

46 

4220 

509 

16          I 

671 

13 

65 

4232 

887 

16          I 

670 

13 

64 

4233 

328 

16          I 

663 

13 

58 

4237 

815 

16          I 

676 

13 

69 

4258 

477 

16          I 

677 

13 

69 

426s 

418 

16          I 

666 

13 

61 

4266 

081 

16          I 

674 

13 

66 

4268 

915 

16          I 

679 

13 

71 

4276 

836 

16          I 

673 

13 

66 

4283 

169 

16          I 

672 

13 

65 

4284 

838 

16          I 

637 

13 

53 

4287 

566 

16          I 

672 

13 

65 

■    4288 

310 

16          I 

676 

13 

69 

4289 

525 

16          I 

676 

13 

69 

4290 

377 

16          1 

666 

13 

61 

4290 

542 

16          I 

683 

13 

75 

4291 

630 

16          I 

683 

13 

77 

3-1  I' 

4196 

699 

15          I 

551 

13 

30 

4197 

257 

15          1 

549 

13 

28 

4203 

730 

15     i     I 

366 

13 

42 

4207 

S66 

15       !       I 

565 

13 

41 

4216 

136 

15             I 

559 

13 

31 

4220 

509 

15             I 

572 

13 

48 

4232 

887 

15             I 

564 

13 

40 

4233 

328 

15             I 

565 

13 

41 

4257 

815 

15             I 

372 

13 

48 

4258 

477 

15             I 

363 

13 

41 

4265 

418 

15             I 

360 

13 

38 

4266 

081 

15             I 

565 

13 

41 

4268 

915 

15             I 

362 

13 

39 

4276 

836 

15       1       I 

358 

13 

33 

4283 

169 

15             I 

556 

13 

31 

4284 

838 

15             I 

560 

13 

38 

4287 

566 

15             I 

558 

13 

36 

4288 

310 

15             I 

563 

13 

40 

4289 

525 

15             I 

561 

13 

37 

4290 

377 

13             I 

360 

13 

36 

4290 

542 

•5         I 

568 

13 

41 

4291 

630 

15         I 

572 

13 

48 

44  69 

4196 

699 

17         I 

276 

12 

74 

4197 

257 

17         I 

280 

12 

78 

4203 

730 

17         I 

289 

12 

87 

4207 

566 

17         I 

284 

12 

82 

4216 

136 

17         I 

273 

12 

71 

4220 

509 

17         I 

290 

12 

88 

4232 

887 

•7         • 

282 

12 

80 

4233  328 

.7 

288 

12.86 

TABLE  lll—Conlinufd 
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44?6<j 


49  56 


60.00. 


A 

No.  of  Plates 

4257  815 

'7 

425^  477 

'7 

4265. 41S 

'7 

426ft  oS I 

'  7 

4268  m  ^ 

'  7 

4276  8 ^ft 

'7 

4283. ifty 

'  7 

4284.838 

'  7 

4287.^66 

'  7 

4288.310 

17 

4289.525 

'7 

4290.377 

17 

4290.542 

'7 

4291 .630 

>7 

4 196 . 699 

16 

4197  257 

16 

4203 . 730 

16 

4207.566 

16 

4216.136 

16 

4220. S09 

16 

4232.887 

16 

4233  328 

16 

4257.815 

15 

4258.477 

15 

4265.418 

16 

4266.081 

16 

4268.91^ 

16 

4276.836 

16 

4283.169 

16 

4284.838 

16 

4287.566 

16 

4288.310 

16 

4289.525 

16 

4290377 

t6 

4290.542 

16 

4291.630 

16 

4196.699 

22 

4197.257 

22 

4203 . 730 

22 

4207.566 

22 

4216.136 

22 

4220.509 

22 

4232.887 

22 

4233  328 

22 

4257.815 

22 

4258.477 

22 

4265.418 

22 

4266.081 

22 

4268.915 

22 

4276.836 

22 

4283.169 

22 

4284.838 

22 

4287.566 

22 

4288.310 

22 

vkm 

t 

1.300 

.2?98 

I  295 

>2  93 

I  284 

12.83 

I  298 

13.96 

I  293 

12.91 

1.285 

12.83 

1.288 

13.86 

1.283 

12.81 

1.292 

12.90 

1.286 

12.84 

1.298 

12.96 

1.278 

12.76 

I  295 

12.93 

I  295 

12.93 

1. 132 

12.39 

1. 131 

12.38 

I  145 

12.54 

1. 146 

12.54 

1. 136 

12.44 

I  153 

12.62 

r  .148 

12.56 

1. 148 

12.56 

I  143 

12.50 

1. 147 

12.55 

1. 142 

12.50 

1. 148 

12.56 

1 .146 

12.53 

I  145 

12.52 

I  145 

12.53 

1. 146 

12.54 

I  ■  143 

12.51 

1. 149 

12.57 

1. 152 

12.61 

1 .140 

12.48 

r.152 

12.60 

1154 

1 2 .  63 

0.796 

1 1. 31 

0.798 

^^■33 

0.811 

"•57 

0.808 

"•54 

0.802 

11.40 

0.813 

II  .52 

0.807 

"•45 

0.811 

11.52 

0.821 

11.66 

0.811 

II  .52 

0.812 

"•53 

0.811 

11.52 

0.818 

11.62 

0.817 

II. 61 

0.815 

1 1  .60 

0.812 

II  .52 

0.815 

11.56 

0.814 

"55 
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* 

A 

No.  of  Plates 

V  km 

^ 

6o?oo 

4289.525 

22 

0.812 

IX -53 

4290.377 

22 

J.  805 

11.44 

4290.542 

22 

0.816 

II  ..sg 

4291.630 

22 

0.817 

1 1 .60 

65 . 04 

4196.699 

0.666 

11 .20 

4197.257 

0.669 

11.25 

4203 . 730 

0.678 

11.40 

4207 .566 

0.674 

11-33 

4216.136 

0.672 

11.27 

4220.509 

0.684 

11.51 

4232.887 

0.680 

11.44 

4233  328 

0.683 

11.49 

4257-815 

0.683 

11.49 

4258.477 

0.680 

11.44 

4265.418 

0.680 

11.44 

4266.081 

0.685 

11.52 

4268.915 

0.689 

11-59 

4276.836 

0.683 

11.49 

4283.169 

0.680 

11-44 

4284.838 

0.683 

11.49 

4287.566 

0.680 

11.44 

4288.310 

0.682 

11.48 

4289.525 

0.688 

11.57 

4290377 

0.678 

11.40 

4290.542 

0.684 

II  .50 

4291.630 

0.686 

11-53 

74  90 

4196.699 

0.382 

10.41 

4197257 

0.386 

10.53 

4203.730 

0-395 

10.76 

4207.566 

0.389 

10.60 

4216.136 

0.388 

IO-57 

4220. 509 

0.401 

10.93 

4232.887 

0.399 

10.88 

4233-328 

0.388 

10.57 

4257.815 

0.407 

11.09 

4258.477 

0.401 

10.93 

4265 .418 

0.399 

10.88 

4266.081 

0.405 

11.04 

4268.915 

0.407 

11.09 

4276.836 

0 .  403 

10.99 

4283.169 

0.403 

10.99 

4284.838 

0.409 

11.14 

4287.566 

0.401 

10.93 

4288.310 

0.403 

10.98 

4289.525 

0-399 

10.88 

4290377 

0.394 

10-73 

4290.542 

0.405 

II  .04 

4291.630 

0.402 

10.99 

79  '6 

4196.699 

0.268 

10.10 

4197-257 

0.270 

10.18 

4203.730 

0.271 

10.20 

4207 . 566 

0.272 

10.25 

4216.136 

0.26^ 

9.90 

4220.509 

0.268 

10.10 

ROT.iriOX   Ol'  SLX 
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* 

A 

No.  of  PlalM 

vkm 

( 

7'>-«f> 

4232-887 

7 

0.263 

9?98 

4233-328 

7 

0.271 

10. 19 

4257  ^J.S 

7 

0.282 

10.62 

4258.477 

7 

0 .  269 

10. 12 

4265.418 

7 

0.279 

10.50 

4266.081 

7 

0.282 

10.60 

4268. gi 5 

7 

0.278 

10.47 

4276.838 

7 

0.277 

10.42 

428^. 169 

7 

0-275 

10.38 

4284.838 

7 

0.272 

10.25 

4287.566 

7 

0-275 

'0.37 

428S.210 

7 

0.282 

10.63 

4280. 525 

7 

0.281 

10.56 

4200.377 

7 

0.272 

10.25 

4290.542 

7 

0.272 

10.24 

4291.630 

7 

0.279 

10.49 

The  behavior  of  individual  lines  will  be  best  shown  if  we  form  the 
ditTerence  in  the  value  of  |  between  each  line  and  the  mean  of  all  the 
lines. 

These  ditTerences  are  found  in  the  short  summary  which 
follows : 

TABLE   IV 


* 

o?3 

4?i 

rt?2 

I4?9 

I9?a 

29?7 

34?  I 

44?7 

49?6 

6o?o 

6s?o 

74?9 

79?2 

4196.699 

-0?2 

-o?i 

-o?i 

-o?i 

-o?i 

-o?i 

-o?i 

-o?i 

-o?i 

-0?2    -0?2 

-0?4 

-0?2 

4197-257 

—  O.I 

—  O.I 

—  O.I 

—  O.I 

—  O.I 

—  O.I 

—  O.I 

—  O.I 

—  0.2 

—  0.2 

—  0.2'— 0.3  —0. 1 

4203.730 

0.0 

0.0 

0.0 

0.0 

0.0 

+0.1 

0.0     0.0 

0.0 

+  0.1 

0.0  — o.i'— 0.1 

4207.566 

—  0.  I 

0.0 

o-.o 

—  O.I 

+  0.1      0.0      o.oj     0.0 

0.0 

0.0 

—  O.I    —0.2    —O.I 

4216.136 

—  O.I 

—  O.I 

0.0 

0.0 

0.0—0.2      0.0—0.2 

—  O.I 

—  O.I 

—  0.2—0.31—0.4 

4220.509 

0.0 

+0.1 

0.0 

0.0 

+  O.IJ     0.0  +o.i|     0.0 

+0.1 

0.0 

+  0.1  +0.1  —0.2 

4232.887 

0.0 

0.0 

0.0 

0.0 

+  o.ij     0.0      0.0+0. 1 

0.0 

—  O.I 

0.0      0.0—0.3 

-4233.328 

—  O.I 

+0.1 

0.0 

0.0 

+  0.1— O.I      0.0      0.0 

0.0 

0.0       0.0— O.I  —O.I 

4257-815 

+  0.1+0.1 

0.0 

+0.1 

+  0.1  +0.1  +o.i;+o.i 

0.0 

+0.1 

+0.1 

+  0.2  +0.3 

4258477 

+0.1 

0.0 

+0.1 

0.0 

0.0 

+  0.1      0.0 

+0.1 

0.0 

0.0 

0.0 

+  0.1  —0.2 

4265.418 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0     0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

+  0.2 

4266.081 

;+o.i 

+0.1 

0.0 

0.0 

0.0 

0.0      0.0 

+0.1 

0.0     0.0 

+0.1 

+  0.2 

+  0.3 

4268.915 

+0.1 

o.oi     0.0 

0.0 

0.0 

+  0.1      0.0 

+0.1 

0.0  +0.1 

+  0.2 

+  0.2  +0.2 

4276.836 

0.0'     o.o'+o.i 

0.0 

0.0 

0.0      0.0 

0.0 

0.0+6.1 

0.0 

+  0.1  +0. 1 

4283 . 169 

+  0.1!     0.0     0.0 

0.0 

—  0.1 

0.0 

0.0 

0.0 

0.0  +0.1 

0.0 

+  0.1  +0.1 

4284.838 

0.0      0.0      0.0 

0.0 

0.0 

—  O.I 

0.0 

0.0 

0.0     0.0 

0.0 

+  0.31      0.0 

4287.566 

0.0     0.0     0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0     0.0 

0.0 

+  0.1   +0.1 

4288.310 

1       ID.OI       0.0        0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0     0.0 

0.0 

+  0.1+0.3 

4289.525 

+  0.1         0.0 

0.0 

0.0 

0.0 

+0.1 

0.0 

+0.1 

+  0.1      0.0 

+0.1 

0.0+0.3 

4290377 

0.0  —O.I 

—  O.I 

0.0]— O.I 

0.0 

0.0 

—  O.I 

—  O.I|— O.I 

0.0 

—  O.I    —O.I 

4290.542 

0.0      o.ol     0.0 

+0.1 

0.0 

+0.1 

+0.1 

+0.1 

+  0.1  +0.1 

+0.1 

+  0.2   —O.I 

4291.630 

1+0. 1  +0.1      0.0 

0.0 

0.0 

+0.1 

+0.1 

+0.1 

+  0.1  +0.1 

+0.1 

+  0.2;+0.2 

1 
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In  Tabic  IV  the  values  at  79?  2  are  based  upon  only  seven  plates, 
and  hence  are  entitled  to  about  one-half  the  weight  of  the  other  deter- 
minations. 

An  inspection  of  these  results  shows  that  the  lines  X  4196,  /  4197, 
/4216,  and  X  4290.38  give  systematically  low  values  of  |,  while 
X  4257,  /4266,  /4291,  and  possibly  X4268  give  high  values.  A  simi- 
lar result  was  found  for  the  first  six  of  these  lines  in  1906-1907,  and 
the  general  agreement  of  the  two  sets  of  determinations  is  sufficient  to 
make  the  reality  of  these  ditTerences  ver\-  probable,  particularly  in  the 
case  of  the  first  three  lines  for  which  the  differences  are  largest. 
Both  series  of  observations  give  in  the  lower  latitudes  a  value  of 
—  o?  1 2  for  the  lanthanum  line  /  4196,  and  —  o?  10  for  the  mean  of  the 
two  cvanogen  Hnes  /  4197  and  /  4216.  Since  these  lines  originate  at 
a  low  level  in  the  solar  atmosphere  they  furnish  additional  evidence 
for  the  conclusion  based  on  the  special  studies  of  Ha  and  /4227  of 
calcium  that  the  rate  of  angular  rotation  increases  with  increase  of 
height  above  the  sun's  photosphere. 

A  comparison  of  the  present  results  with  those  of  1906-1907  shows, 
however,  that  there  is  no  such  marked  increase  toward  higher  latitudes 
in  the  size  of  the  deviations  for  these  Hnes  from  the  mean  as  was 
indicated  by  the  earlier  observations,  although  there  is  still  some 
tendency  in  this  direction.  In  the  previous  paper  I  ascribed  this 
malnlv  to  the  effect  of  errors  of  measurement  on  the  value  of  the  angu- 
lar velocity,  an  effect  which  in  the  higher  latitudes  becomes  very 
large.  At  75°,  for  example,  a  difference  of  o.oi  km  in  linear  velocity 
corresponds  to  o?27  in  the  daily  angular  motion,  and  at  80°  to  o?4i. 
There  is  still  sufficient  evidence,  however,  to  warrant  the  presumption 
that  the  retardation  becomes  somewhat  greater  in  higher  latitudes, 
and  this  seems  to  be  in  harmony  with  the  conclusions  derived  from 
investigations  upon  Ha  and  /  4227  of  calcium. 

Of  the  other  lines  which  give  systematic  deviations,  /4257, 
A  4266,  and  /  4290.38  gave  similar  results  in  the  observations  of 
1906-1907,  although  the  values  were  as  a  rule  somewhat  larger  than 
those  found  here.  The  line  /  4290.38  was  referred  to  at  that  time  as  of 
particular  interest,  on  account  of  being  an  "enhanced"  line  of  titanium, 
anfl  the  additional  evidence  confirming  its  behavior  is  especially 
important.     The  remaining  two  lines  /  4268  and  /  4291  showed  no 
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marked  Icmlencv  toward  large  residuals,  although  giving  small  values 
of  the  same  sign  as  those  found  above.  The  line  /4291  i>  much 
strengthened  at  the  limb  of  the  sun. 

The  cyanogen  line  X  4207,  though  showing  a  marked  tendency 
toward  negative  residuals,  gives  consideral)ly  smaller  values  than  do 
the  other  two  cyanogen  lines  /  4107  and  /  42i().  This  line  is  the  most 
difhcull  of  measurement  of  any  in  liie  lis!,  and  a  i)arl  of  the  di>- 
crcpancy  may  be  due  to  this  cause.  In  Rowland's  general  tal)le  it 
is  ascribed  to  /•>,  but  in  the  table  of  corrections  this  is  changed  to  C. 
The  appearance  of  the  line  seems  to  favor  a  double  origin,  its  breadth 
being  considerably  greater  than  that  of  either  /4ig7  or  /42if).  If 
it  is  due  in  j^art  to  Fe  the  discrepancy  would  be  fully  explained. 

The  "enhanced"  line  of  Fe  A  4233.33  gives  a  value  which  in  the 
mean  agrees  exactly  with  the  average  from  all  of  the  lines.  Like  the 
"enhanced"  line  of  Ti  X  4290.38,  this  line  shows  a  considerable  shift 
in  position  at  the  limb  of  the  sun  as  compared  with  the  center,  which 
points  to  a  relatively  low-level  origin  for  its  "center  of  gravity." 
This  result  is  in  agreement  with  the  rotation  values.  As  opposed  to 
this,  however,  is  the  occurrence  of  both  of  these  lines  in  the  chromo- 
sphere, the  line  /  4233  being  one  of  the  most  prominent  in  this  region  of 
the  spectrum.  The  study  of  "enhanced"  lines  under  pressure  is 
likely  to  throw  some  light  upon  the  behavior  of  these  lines  in  the  sun, 
but  at  i)rcscnt  the  contradiction  seems  to  be  marked. 

Two  other  lines  in  the  list  deserve  especial  comment.  These  are 
A  4283  and  /  4289,  both  due  to  calcium.  The  results  indicate  that 
slightly  larger  angular  velocities  are  given  by  these  lines,  but  the 
average  dilTercncc  is  small,  and  the  agreement  with  the  result  for  the 
general  reversing  layer  is  close.  We  know  from  other  considerations 
that  the  height  attained  in  the  sun's  atmosphere  by  the  gas  giving 
rise  to  /  4227  is  ver)-  much  greater  than  by  that  which  produces  most 
of  the  calcium  lines  of  moderate  intensity.  Accordingly  we  should 
expect  a  marked  ditTerence  in  velocity.  We  are  obliged,  however, 
to  draw  a  similar  conclusion  in  regard  to  the  two  lines  in  the  less 
refrangible  part  of  the  spectrum  investigated  by  M.  Perot  by  inter- 
ference methods.'  These  lines,  A  5350  and  A  6122,  were  found  to 
show  very  much  greater  angular  velocities  than  the  general  reversing 

I  Compies  Kendus,  147,  340,  rqoS. 


126 


WALTER  S.  ADAMS 


layer  and  l)ut  slight  equatorial  acceleration.  This  result  agrees  much 
more  closely  with  what  I  have  found  in  the  study  of  X  4227,  a  discus- 
sion of  which  will  he  given  at  a  later  ])oint  in  this  paper.  The  line 
/6122  is  one  of  the  strong  hnes  belonging  to  the  red  triplet  in  the 
second  sub-series  of  calcium.  The  other  lines  do  not  belong  to  known 
series,  although  both  /  4283  and  A  4289  have  certain  definite  relations 
with  other  lines  in  their  vicinity.  The  three  lines  of  shorter  wave- 
length do  not  seem  to  be  present  in  the  chromosphere,  at  least  in  any 
considerable  intensity,  but  A  6122  is  given  by  Young  in  the  revision 
of  his  chromospheric  list.' 

We  may  now  pass  on  to  a  consideration  of  the  general  results. 
If  mean  values  are  formed  from  Table  11  and  grouped  about  thirteen 
points  of  latitude  we  obtain  a  summary  of  the  following  form.  The 
weights  are  given  according  to  the  number  of  observations. 

TABLE  V 


* 

Weight 

V  km 

f 

Period,  Days 

o?3 

21 

2.063 

14-65 

24-57 

4-1 

15 

2.040 

14-52 

24.79 

II. 2 

12 

1.992 

14-44 

24-98 

14.9 

18 

1-944 

14.28 

25.21 

19.2 

14 

1.868 

14.04 

25.64 

29.7 

16 

1 .671 

13.66 

26-35 

341 

15 

r-557 

13-39 

26.97 

44-7 

17 

1.283 

12.81 

28.10 

49.6 

16 

1 .141 

12.49 

28.82 

60.0 

22 

0.811 

11.52 

31    25 

65.0 

17 

0.678 

II  .41 

31-55 

74-9 

17 

0.398 

10.84 

33-21 

79.2 

7 

0.274 

10.29 

35  26 

The  velocities  given  in  this  table  have  been  plotted  graphically, 
and  the  full  line  shown  in  Fig.  i  indicates  the  curve  to  which  they 
correspond  most  closely.  The  general  agreement  of  the  points  is 
good,  the  largest  deviation  from  the  curve  falling  at  the  point  of  lowest 
weight  79? 2.  Near  50°  there  is  a  distinct  ])oint  of  inllection.  The 
curve  shown  by  the  broken  line  in  the  same  figure  represents  the 
oi^servations  of  1906- 1907.  For  numerical  comparison  the  following 
table,  giving  the  values  from  the  two  series  of  observations  for  every 
5°  of  latitude,  will  be  found  useful.     'Fhey  are  taken  from  large-scale 

'  Scheiner's  Astronomical  Spectroscopy  (Frost),  [>.  422. 
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drawings  of  the  two  curves,  and  arc  (luitc  accurate  enough  for  the 
purpose. 

TABLE  VI 


♦ 

V  (1908) 

V  (i(>o6-7^ 

'  (1908) 

1  (1906-7) 

km 

km 

o° 

2.060 

2.077 

14-63 

14-75 

5 

2.043 

2.056 

14.56 

14-65 

lO 

2.000 

2.012 

14.42 

14-50 

15 

1-943 

1-954 

14.28 

14-36 

20 

1.863 

1.872 

14.08 

13-14 

25 

1 .761 

1.768 

13.80 

13-85 

30 

1.659 

1 .660 

13.60 

13.61 

35 

1-537 

1-532 

ii-:^^ 

13.28 

40 

1. 414 

1 .406 

13.10 

13-03 

45 

1.274 

r.274 

12.79 

12.79 

50 

1 .126 

I -137 

12.44 

12.56 

55 

0.967 

0.991 

11.97 

12.27 

60 

0.820 

0.851 

11 .64 

12.08 

65 

0.677 

0.711 

"•37 

11.94 

•70 

0-533 

0.569 

II  .06 

II. 81 

75 

0.396 

0.429 

10.86 

11.77 

80 

"  0.266 

0.290 

10.88 

11.85 

A  comparison  of  the  two  sets  of  observations  shows  shghtly  larger 
values  for  the  earlier  series  between  latitudes  0°  and  25°,  practical 
coincidence  between  25°  and  50°,  and  decidedly  larger  values  again 
for  the  earlier  series  above  this  point.  The  differences  in  the  lower 
latitudes  reach  a  maximum  of  0.017  km  at  the  equator,  and  have  an 
average  value  of  about  o.oi  km  throughout  the  lirst  25°  of  latitude. 
These  quantities,  though  larger  than  would  be  expected  from  errors 
of  measurement,  are  still  so  small  as  to  give  little  indication  of  the 
presence  of  systematic  errors,  or  to  show  a  possible  variation  in  the 
sun's  rate  of  rotation. 

The  matter  is  different  in  the  higher  latitudes,  however.  At  50° 
the  two  series  of  observations  begin  to  separate  from  one  another,  and 
at  70°  a  difference  of  0.036  km  is  reached.  Though  determinations 
of  the  probable  error  have  shown  that  the  value  is  usually  somewhat 
larger  in  higher  latitudes  where  the  measured  displacements  are  small, 
differences  of  this  amount  are  evidently  systematic,  and  the  cause 
is  to  be  sought  either  in  a  real  change  of  rotation  period  in  the  higher 
latitudes,  or  in  some  source  of  systematic  error  in  tlic  observations, 
whether  instrumental,  or  in  the  sun  itself.  At  present  there  seems 
to  be  no  definite  criterion  for  settling  the  (piestion,  but  there  is,  I 
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think,  sutTicicnt  cvidcncf  to  furnish  a  presumption  against  the  reality 
of  a  change  in  the  sun's  rotation  period.  The  most  important  i)art 
of  this  is  the  (litlicuhy  of  conceiving  a  change  of  rotation  rate  which  is 
contincd  to  high  hititude-^.  It  would  certainly  seem  probable  that 
any  such  change  of  rate  would  be  in  some  way  connected  with  the  sun- 
six)t  activity,  and  would  be  consj)icuous  in  the  /.ones  of  greatest  sjxjt 
frc(|ucncy  between  io°  and  30°  of  latitude.  This  is  the  conclusion 
which  Halm  has  drawn  from  his  two  series  of  observations,'  which 
show  large  ditTerences  in  these  zones  as  well  as  in  higher  latitudes. 
The  results  given  here  indicate  almost  no  ditTerence  between  the 
values  of  iqo8  and  those  of  1 906-1 907  for  these  zones. 

As  against  this  it  may  be  argued  that  evidence  is  gradually  accu- 
mulating to  show  that  the  rotation  rate  at  the  sun's  equator  is  more 
nearly  constant  than  at  any  other  latitude,  and  that  the  so-called 
"equatorial  acceleration"  is  more  truly  a  j)olar  retardation.  In  this 
direction,  for  example,  point  the  observations  of  Halm  showing  the 
greatest  variations  in  angular  velocity  in  higher  latitudes,  as  well  as 
the  results  given  here,  on  the  one  hand  for  the  low-level  lines  of  lan- 
thanum and  cyanogen,  and  on  the  other  hand  for  the  high-level  line 
A  4227  of  calcium  and  the  a  line  of  hydrogen.  All  of  these  show  the 
greatest  ditTerences  in  angular  velocity  toward  the  pole.  The  force 
of  this  argument  is  considerable,  and  it  may  perhaps  account  for  the 
apparent  anomaly  of  a  change  in  rotation  rate  which  is  confmed  to 
high  latitudes  on  the  sun. 

A  second  argument  which  is  entitled  to  considerable  weight  is  the 
satisfactorv-  agreement  of  the  results  of  the  1908  observations  with 
Faye's  formula  for  the  rotation  period  of  sun-spots,  and  the  fact  that 
Duner's  observations,  as  well  as  those  of  Halm,  are  also  in  excel. ent 
accord  with  the  same  formula.     If  we  put 

v={a+b  cos^  <^)  cos  4>  , 

and  deduce  the  values  of  the  constants  by  solving  the  normal  equa- 
tions given  by  the  observations,  we  find 

x'  =  (i  .506  +  0.549  cos^  <^)  cos  <f>  , 
^=  io?62  4-3°99  cos*  <f>  . 

'  Transactions  oj  the  Royal  Society  oj  Edinburgh,  41,  Part  I. 
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In  obtaining  these  results  the  observations  have  been  assigned  their 
respective  weights,  but  the  observation  equations  have  been  formed 
by  multiplying  with  these  weights  instead  of  by  their  square  roots. 
The  residuals  given  by  these  equations  are  as  follows: 

TABLE  VII 


* 

i'  km 

1 

o°3 

+  0 . 009 

+  o?04 

4-1 

—  0 . 006 

—  0.07 

II  .2 

-0.003 

—  0.02 

14.9 

—  0 . 007 

—  0.07 

19.2 

—  0016 

-0.14 

29.7 

+  0 . 003 

+  0 .  03 

34  I 

0.000 

+  0 .  03 

44-7 

+  0.016 

+  0.17 

49.6 

+  0.015 

+  0. 19 

60.0 

— O.OIO 

—  0. 10 

65  .0 

+  0.001 

+  0.08 

74-9 

—  0 . 004 

—  0.05 

79.2 

—  0.013 

-0.47 

The  general  agreement  of  these  results  is  quite  as  satisfactory  as 
could  be  ex])ected  from  a  formula  of  such  simple  form,  the  largest 
residual  being  the  point  of  low  weight  and  high  latitude  at  79? 2. 
In  the  1906-1907  observations,  on  the  other  hand,  it  was  found  that 
Faye's  equation  gave  deviations  which,  though  small,  were  system- 
atically negative  in  mean  latitudes,  and  positive  in  high  latitudes,  and 
an  efjuation  containing  three  constants  was  employed  in  order  to 
obtain  suitable  agreement.  The  fact  that  the  results  of  Duner  and 
Halm  as  well  as  my  own  are  satisfactorily  represented  by  Faye's 
formula,  while  Sporer's  formula  gives  systematic  deviations,  points  to 
the  conclusion  that  this  simple  expression  represents  with  sufficient 
accuracy  the  motion  of  the  sun's  reversing  layer  to  within  about  10° 
of  the  pole,  beyond  which  observations  are  lacking  at  present.  The 
investigation  of  the  zone  between  80°  and  90°  of  latitude,  undertaken 
when  the  j)osition  of  the  sun's  pole  is  most  favorable  for  observations 
necessarily  so  difficult,  will  be  of  great  interest,  and  should  increase 
materially  our  knowledge  of  the  law  of  rotation. 

The  close  absolute  agreement  of  Dundr's  results  with  those  given 
by  the  1908  observations  is  also  opj)osed  to  the  idea  of  a  change  in  the 
sun's  rate  of  notation.  A  comparison  for  the  six  latitudes  em])loyed 
bv   Duner  uivo  the  f()ll()win«i  summarv: 
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4> 

nun6' 

Adams 

km 

km 

o?4 

2.07 

2.06 

15.0 

1.97 

I   94 

30.0 

I  .69 

1.67 

45  0 

1.37 

1.27 

60.0 

0.80 

0.81 

74  9 

0.40 

0.40 

Dunt'r's  results  arc  based  upon  observations  extending  thn)U<;li 
six  years,  from  1887  to  i88{),  and  from  i8()()  lo  i(;oi.  Halm  in  his 
discussion'  advocating  a  variation  in  the  rotation  rate  of  the  sun  has 
analyzed  these  ol)servations,  using  as  a  basis  Faye's  ecjuation  in  the 

form 

v  =  {a  —  h  sin-*  <^)  cos  <^  . 

In  this  form  the  1908  observations  would  give 

7'  =  (2  .054  —  0.549  sin^  <^)  COS  <f>  . 
Halm's  comparison  of  the  Upsala  and  the  Edinburgh  ol)>ervalions 
on  the  basis  of  a  three-year  jjcriod  would  require  a  minimum  value 
of  the  (|uantity  a  for  the  e])och  1Q08.5,  which  is  about  the  mean  date 
of  these  observations.  The  value  found  here,  however,  is  prac- 
tically equal  to  the  largest  value  obtained  by  Halm  in  any  one  of  the 
years  igoi  to  i()o6,  which  included  two  maximum  values  of  a.  The 
value  of  b  is  also  opposed  to  the  idea  of  a  progressive  change  in  this 
quantity  unless  we  assume  that  after  decreasing  from  igoi  to  1905, 
it  has  reversed  its  direction  and  returned  in  1908  to  a  value  almost 
identical  with  that  of   1901. 

The  general  conclusion  from  these  considerations  seems  to  be  that 
it  is  probable  that  the  observations  of  1 906-1 907  were  affected  by 
slight  systematic  errors  which  amounted  to  as  much  as  0.0.^  km  in  the 
higher  latitudes.  Attention  has  already  been  called  to  the  fact  that 
the  astigmatism  of  the  sun's  image  may  have  intiuenced  the  values 
to  some  extent,  and  it  is  possible  that  changes  of  focus  may  have 
also  introduced  slight  errors.  Another  possible  source  of  error  due 
to  disturbances  on  the  sun  itself  will  be  discussed  in  a  succeeding 
paragraph.  In  any  event,  it  seems  probable  that  the  1908  series  of 
observations,  being  comparatively  free  from  such  defects  of  the  solar 

'  Astronomische  Nachrichten,  173.  294,  1907. 
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image,  and  containing  as  they  do  a  valuable  check  upon  instrumental 
conditions  in  the  exposures  upon  the  pole  of  the  sun,  deserve  a  con- 
siderably higher  degree  of  confidence. 

Determinations  of  the  probable  errors  for  the  observations  of  1908 
indicate  that  these  are  smaller  than  for  the  earlier  series.  From  a 
number  of  plates  taken  at  random  we  lind  at  45°  of  latitude: 
for  a  single  line, 

e  =  Jt: 0.009  ^"^  > 

or  for  the  mean  value  from  the  plate, 

£o  =  ± 0.002  km  . 
The  1 906-1 907  observations  gave 

£=  ±0.015   ^^^   ' 

and 

£0=  ±0.004  km  . 

In  these  determinations  the  lines  giving  the  principal  systematically 
large  or  small  values  have  been  omitted.  The  1908  probable  errors, 
accordingly,  are  based  upon  sixteen  lines,  and  the  1906-1907  errors 
upon  fourteen  lines.  The  probable  errors  are  slightly  larger  in  the 
higher  latitudes. 

THE  MOTION  OF  THE  REVERSING  LAYER  IX  THE  VICINITY  OF 
A    SOL.\R   VORTEX 

On  September  15  four  plates  of  the  region  of  the  spectrum  in- 
cluding X  4227  were  made  with  the  rotation  apparatus  at  latitudes 
ranging  from  0°  to  75°  in  steps  of  15°  each.  On  this  date  two  spots 
of  considerable  size,  one  at  6°  south  latitude,  the  other  at  11°  north 
latitude,  were  close  to  the  west  limb  of  the  sun,  the  northern  spot  being 
but  a  few  hours  distant  from  the  visible  edge,  while  the  other  had  just 
passed  beyond  it.  Plates  taken  with  the  spectroheliograph  had  shown 
these  spots  to  be  surrounded  by  vortices  in  which  the  motion  was 
apparently  in  opposite  directions  in  the  two  cases.  Observations 
made  by  Hale  during  the  passage  of  the  spots  across  the  sun's  disk 
also  showed  opposite  directions  of  polarization  for  the  components 
of  the  double  lines  in  the  spot  spectra.  The  region  between  the  two 
spots,  as  indicated  by  photographs  taken  with  the  Ha  line,  was  in  an 
extremely  chaotic  state,  owing  probably  to  the  intermingling  of  the 
vortices.     r)nc  of  the  settings  in  the  case  of  the  rotation  plates  fell 
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al  latiliuU-  i4?()  north,  or  4°  north  of  oiu-  of  tlu-  >i»ot>;  thi-  olht-r  al 
0°,  or  6°  north  of  tlif  second  spot,  in  this  case  Ijcin^  considcraiily  east 
as  well.  When  the  measurement  of  the  plates  was  be^un  it  was  at 
once  seen  that  these  two  latitudes  gave  extremely  discordant  values 
as  comi)ared  with  the  normal,  .\ccordingly,  the  j)lates  were  in- 
vestigated se])arately  and  mea>ures  made  not  only  on  A  4227,  but 
also  on  a  numi)er  of  the  general  reversing  layer  lines.  .\s  in  the  case 
of  all  of  the  photographs  intended  for  the  study  of  /  4227,  the  density 
was  made  great  in  order  to  facilitate  settings  upon  this  very  broad 
line,  and  for  this  reason  the  list  of  lines  regularly  used  for  the  re- 
versing layer  could  not  be  em])loyed.  So  a  number  of  stronger  lines 
which  ai)j)eared  suilal)lc  for  measurement  were  selected.  The 
individual  results  for  these  lines  and  for  /  4227  are  gi\en  in  the 
following  table: 

TABLE  IX 


Number  of 
Plate 


Date  i  Number  of 

1908  I       Lines 


Reversing  Layer 

V  km 


A   4227 

V  km 


w  174 


w  176 


Sept.  15 


Sept.  15 


Sept.  I- 


Sept.  I- 


14 
29 
44 
62 

75 
o 

14 
29 

44 
62 

75 
o 

14 
29 
44 
62 

75 
o 

14 
29 

44 
62 


1. 918 
1.896 
1.662 
1.249 
0.722 

0.387 
1 .900 
1.882 

1-673 
I  234 
0-731 
o .  405 
I  .954 

I -913 
I  .664 


0-377 
1.949 
1 .906 
1.667 
1 .222 
0.726 
0.287. 


1  974 
1 .960 

1-733 
1-325 
0.813 
0.492 
1.963 
1-959 
1-723 
1-325 
0.808 
0.460 

2  .062 
1.984 
1 .722 
1.282 
0.815 
0.460 
2  .029 


1 .722 

^•303 
0.859 

0-493 


If  we  combine  the  preceding  results  we  obtain  the  following 
summary.  The  normal  value  for  the  reversing  layer  is  given  in  the 
third  column  for  comparison. 
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TABLE 

X 

♦ 

i>  km 

Normal 

V  km 

A  4227 

V  km 

o?o 

14.9 

29. 8 

1-930 
1.899 
1.666 

2.060 

1-945 
1 .662 

2.007 
1.971 
1-725 

44-7 
62.8 

75-3 

1 .240 
0.724 
0.389 

1.277 
0.720 
0-393 

I    309 
0.844 
0.476 

It  is  seen  that  in  latitudes  30°  and  more  the  values  derived  from 
these,  plates  agree  well  with  the  normal  values.  At  15°,  however,  the 
results  are  decidedly  lower  both  for  the  reversing  layer  and  for  A  4227. 
The  same  is  true  of  latitude  0°,  and  the  differences  here  are  even 
greater.  The  plates  taken  with  the  spectroheliograph  indicate  a 
direction  of  motion  in  the  vortex  surrounding  the  northern  spot  that 
is  counter-clockwise  as  seen  from  above.  Accordingly,  for  a  position 
north  of  the  spot  the  component  of  motion  in  the  line  of  sight  at  the 
sun's  west  limb  would  be  toward  the  observer,  and  its  eflfect  would  be 
to  reduce  the  value  of  the  linear  velocity  observed  on  the  rotation 
plates.     This  is  what  is  found. 

In  the  case  of  the  second  spot  the  vortical  motion  should  be  in  the 
opposite  direction,  judging  from  polarization  and  spectroheliograph 
results,  and  this  is  opposed  to  what  is  found  from  the  rotation  results 
at  latitude  0°,  if  the  latter  are  affected  by  this  vortex.  An  examination 
of  the  Ha  photographs  shows,  however,  that  the  point  from  which 
the  light  is  taken  into  the  rotation  apparatus  falls  at  a  considerable 
distance  from  the  spot,  and  over  a  region  of  great  irregularity  where 
the  two  vortices  seem  to  mix  with  each  other,  and  where  no  well- 
defmed  direction  of  motion  seems  to  exist.  In  any  case  the  observa- 
tions should  be  much  more  extensive  and  should  include  more  points 
of  latitude  in  order  to  give  any  definitive  evidence  as  to  the  question 
of  direction  of  rotation  in  such  regions.  The  important  fact  is  that 
solar  vortices  of  this  nature  seem  to  have  a  marked  influence  upon  the 
reversing  laver,  and  that  rotation  results  obtained  when  such  regions 
are  at  the  limb  of  the  sun  may  be  very  seriously  alTected  by  the  projjer 
motion  of  the  reversing  layer.  Since  these  vortices  usually  accompany 
spots,  a  natural  inference  would  be  that  the  greatest  variations  in 
values  of  the  rotational  velocitv  would  be  found  in  the  latitudes  where 
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spots  are  most  fref|U(.'nl,  that  is,  in  the  zone  10°  to  30°.  It  is  j)ossiblc 
that  this  may  to  some  extent  inlluence  the  resuhs  found  by  Halm  in  the 
two  series  i()Oi  ic)02  and  kjo^.  The  fact  that  vortices  fre(|Uently  exist 
where  there  are  no  >jK)t>,  and  extend  to  high  latitudes,  would  also 
account  for  variations  of  rotational  velocity  found  beyond  the  /.ones 
of  princii)al  sj)Ot  activity.  This  may  be  a  |)artial  cause  of  the  difTcr- 
ences  in  latitudes  50°  to  80°  between  the  results  i()o6-iqo7  and  iqo8, 
since  neither  scries  contains  a  sulTiciently  large  number  of  observa- 
tions to  eliminate  the  influence  of  a  few  cases  of  such  pro|K-r  motion. 
The  necessary  conclusion  is  that  in  making  ^pectroscojiic  observations 
of  the  rotation  of  the  sun  especial  care  should  be  taken  to  avoid  regions 
of  the  surface  which  show  evidences  of  vortical  disturbance. 

RESILTS    FOR    /  4227 

The  study  of  at  least  one  of  the  stronger  lines  of  calcium  was  made 
most  desirable  by  the  results  obtained  for  the  a  line  of  hydrogen,  as 
well  as  the  ditTerences  found  among  the  various  lines  u>cd  in  the 
investigation  of  the  reversing  layer.  Unfortunately  the  lines  of 
greatest  interest,  namely  H  and  K,  are  practically  excluded  by  the 
immense  variation  in  their  physical  appearance  at  ditTerent  parts  of 
the  sun's  disk,  according  to  the  presence  or  absence  of  calcium 
flocculi.  They  also  appear  to  be  especially  subject  to  disturbances 
arising  from  motion  of  the  calcium  vapor  in  the  line  of  sight.'  Ex- 
cluding these  lines,  it  was  evident  that  the  so-called  "blue  line"  of 
calcium  at  /  4226.91  would  prove  most  valuable  for  investigation. 
It  is  known  to  rise  to  a  great  height  in  the  chromosphere,  although,  of 
course,  much  lower  than  cither  H  or  K,  and  its  appearance  in  the 
spectrum  is  such  as  to  admit  of  measures  of  con>iderable  accuracy. 
There  is  also  a  decided  practical  advantage  in  having  the  line  fall 
within  the  region  observed  for  the  motion  of  the  reversing  layer. 

It  at  first  seemed  probable  that  the  same  plates  which  were  used 
for  the  study  of  the  reversing  layer  could  be  employed  for  /  4227 
as  well.  A  few  measures,  however,  showed  that  the  line  is  of  such 
great  intensity,  and  the  wings  so  broad  under  high  dispersion  that 
especially  dense  negatives  would  have  to  be  employed,  and  it  is  upon 

■  Contributions  from  the  Solar  Observatory,   No.   6;   Astro  physical  Journal,  23, 
45-53,   1906. 
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a  series  of  plates  taken  for  this  line  alone  that  the  results  given  here 
are  based.  An  interesting  by-product  of  the  study  of  the  line  is  the 
discovery  that  it  is  double.  Several  plates  show  this  fact  clearly, 
although  the  actual  separation  is  extremely  small. 

The  results  for  the  individual  plates  are  given  in  the  table  below. 
In  each  case  the  value  is  the  mean  of  two  measures,  one  by  Miss 
Lasby,  and  the  other  by  myself. 

TABLE  XI 


Plate 

4> 

fkra 

4> 

V  km 

* 

vkm 

* 

V  km 

* 

fkm 

* 

V  km 

w  149 

0-3 

2.10 

I4?6 

2.01 

29?6 

1-75 

44?9 

1.32 

60?  I 

0.84 

74-9 

0.47 

u  150 

0-3 

2.09 

14 

6 

1.99 

29.6 

1.72 

44-9 

1.32 

60 

I 

0.83 

74 

9!  0.46 

«  152 

0.1 

2.14 

14 

6 

1.99 

29.7 

1.72 

44.6 

1.32 

59 

8 

0.89 

74 

9 

0.47 

«  153 

0.1 

2.12 

14 

6 

1.99 

29.7 

1.74 

44.6 

1-33 

59 

8 

0.85 

74 

9 

0.43 

w  154 

0.1 

2.10 

14 

6 

2.02 

29.7 

1-74 

44.6 

1-34 

59 

8 

0.81 

74 

9    043 

w  157 

0-3 

2. II 

U 

6 

2.04 

295 

1. 71 

44   I 

1.36 

5« 

4 

0.88 

72 

0'  0.50 

u  158 

03 

2.10 

14 

6 

2.04 

295 

1.70 

44.1 

1-34 

5« 

4 

0.88 

72 

0 

0.48 

w  167 

0.4 

215 

14 

5 

2.05 

29.4 

1.78 

44-3 

1 .40 

59 

5 

0.92 

74 

4 

0.52 

0  168 

0.4 

2.12 

14 

5 

2.05 

29.4 

1-74 

44-3 

1-39 

59 

5 

0.92 

74 

4 

0-57 

w  169 

0.4 

2     15 

14 

5 

2.06 

29.4 

1-74 

44-3 

1-39 

59 

5 

0.89 

74 

4 

057 

w  170 

0.4 

2.16 

14 

5 

2.05 

29.4 

1-75 

44-3 

1 .42 

59 

5 

0.97 

74 

4 

0.54 

w  188 

0.1 

2  .10 

14 

8 

2.09 

29.7 

1.78 

44-9 

1.36 

60 

2 

0.90 

75 

9 

0.48 

w  189 

0.1 

2.12 

14 

8 

2.02 

29.7 

1.78 

44-9 

1-39 

60 

2 

0.94 

75 

9j  0.48 

These  values  give  the  following  summary: 

TABLE    XII 


A  4227 


'  km 


Period 


RE\"ZRSiNr.  Layer 


V  km 


Period 


0?2 

2. 12 

i5?o 

239 

2  .06 

14-7 

24.6 

14.6 

2.03 

14.9 

23.2 

1-95 

143 

25.2 

29.6 

1-74 

14.2 

25 -3 

1.67 

137 

26.4 

44.6 

1.36 

13.6 

26.5 

1.28 

12.8 

28.1 

59-6 

0.89 

12.5 

28.8 

0.82 

II-5 

31.2 

74.6 

0.49 

131 

27.4 

0.40 

10.8 

33-2 

A  comparison  of  the  results  for  A  4227  with  those  for  the  reversing 
layer  shows:  first,  that  the  absolute  velocity  values  are  larger  for 
/4227;  and  second,  that  the  decrease  of  angular  velocity  is  much 
less  marked  toward  higher  latitudes.  At  the  equator  the  dilTercnce 
in  angular  velocity  is  o?4,  while  at  45°  of  latitude  it  is  o?8.  The  sudden 
increase  in  the  value  of  |  at  75°  will  be  discussed  more  fully  in 
connection  with  the  results  for  Ha.  If  we  assume,  however,  that  the 
increase  is  due  to  accidental  errors,  and  take  values  from  the  curve 
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at  60°  and  75°,  we  find  at  60°  u  dilTcrcncc  in  the  value  of  f  from  that 
for  the  reversing  layer  of  i?4,  and  at  75°  of  i?5.  As  will  he  seen 
later,  similar  results  are  found  for  J  fa. 

Ri'lerence  has  already  l)ien  made  to  the  results  obtained  by  M. 
Perot  for  two  of  the  less  refranj^'ible  lines  of  calcium  by  the  aid  of  inter- 
ference methods.  Preliminary  values  of  the  anj^ular  velocity  f^iven 
by  him  are  as  follows: 

TABLK  XIII 


A 

♦  -o» 

♦  -4S?7 

5349  6 
6122.4 

I5?i           I4?2 
14.7           14.2 

1 

At  the  equator  these  results  agree  closely  with  those  for  X  4227. 
At  45°,  however,  they  give  a  considerably  larger  value,  indicating  less 
ecfuatorial  acceleration  than  in  the  case  of  /  4227.  This  difference 
may  be  much  modified  by  more  complete  results,  but  if  it  still  remains 
it  will  indicate  a  higher  effective  level  for  these  lines  at  the  limb  than 
for  the  more  refrangible  line.  At  first  sight,  in  view  of  the  great 
strength  of  /  4227  in  the  chromosphere,  this  would  seem  improbable, 
but  the  width  and  the  intensity  of  its  wings  and  the  comparative 
narrowness  of  the  central  line  indicate  that  a  large  part  of  the  line  is 
produced  in  a  region  of  relatively  dense  calcium  vapor,  and  so  at  a 
moderately  low  level.  This  level  must,  nevertheless,  be  above  that 
in  which  the  w-ings  of  the  stronger  iron  lines  in  the  violet  are  formed, 
since  plates  of  the  center  and  limb  spectrum  show  but  a  slight  effect 
for  /  4227  when  the  wings  of  the  iron  lines  are  almost  completely 
obliterated.     This  is  in  agreement  with  the  rotation  values. 

RESULTS  FOR  THE  a   LINE  OF  HYDROGEN 

The  special  investigation  of  the  Ha  line  was  begun,  as  stated 
in  a  previous  paper,'  in  consequence  of  the  remarkable  behavior 
of  this  line  at  the  Hmb  of  the  sun.  Its  marked  increase  in  width,  and 
the  absence  of  any  displacement  such  as  is  found  for  the  great  majority 
of  lines  between  limb  and  center,  pointed  to  a  very  high-level  origin,  a 
fact,  of  course,  well  known  from  observations  of  the  intensity  of  the 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  24;  Astrophysical 
Journal,  27,  213-218,  1908. 
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line  in  the  upper  chromosi)herc.  Measures  of  the  center  and  limb 
plates  also  indicated  a  considerably  higher  rotational  velocity,  and  this 
result  was  contirmcd  by  the  earliest  rotation  plates.  The  preliminary 
values  for  a  few  of  these  plates  were  published  in  the  |)ai)er  already 
cited.  At  the  same  time  at  which  these  determinations  were  being 
made,  measures  were  obtained  of  the  motion  of  rotation  given  by  the 
hydrogen  flocculi  upon  plates  taken  with  the  spectroheliograph  in  the 
B  line  of  hydrogen.'  These  showed  a  marked  tendency  toward  a 
uniform  rate  of  rotation,  but  the  absolute  rate  was  decidedly  smaller 
than  that  derived  from  the  spectroscopic  measures.  Two  possible 
explanations  of  this  behavior  at  once  presented  themselves.  The 
first  was  that  HB  might  give  a  different  rate  from  Ha^  a  conclusion 
by  no  means  improbable,  in  view  of  the  different  way  in  which  they 
are  affected  at  the  limb  of  the  sun.  The  second  was  that  the  marked 
increase  of  intensity  of  Ha  near  the  limb  might  indicate  quite  a  differ- 
ent level  for  the  spectroscopic  determinations  from  that  of  the  hydrogen 
flocculi.  Photographs  of  the  Ha  flocculi  were  essential  to  test  either 
hypothesis,  and  experiments  were  begun  by  Mr.  Hale  and  myself  with 
the  30-foot  spectroheliogra})h.  These  when  continued  by  Hale  and 
Ellerman  with  the  5- foot  spectroheliograph  led  to  the  discovery  of  the 
solar  vortices.^ 

The  earliest  photographs  of  the  Ha  line  were  taken  on  rapid 
plates  sensitized  to  the  red  with  pinacyanol.  After  the  publication 
of  Wallace's  sensitizing  process  for  "Pan-iso"  plates^  this  was  era- 
ployed  to  great  advantage.  It  was  found,  moreover,  that  the  ex- 
posure times  on  rapid  plates  sensitized  in  this  way  were  very  moderate. 
Accordingly  it  occurred  to  me  to  endeavor  to  obtain  the  advantage  of 
finer  silver  grain  by  the  use  of  slower  jjlates,  and  for  this  purj)ose  the 
Seed  "Process"  plates  were  tried.  These  have  proved  very  successful, 
giving  fine  grain  and  excellent  contrast,  while  the  ratio  of  sensitive- 
ness in  the  red  to  that  of  similarly  treated  rapid  plates  seems  to  be 
greater  than  the  corresponding  ratio  of  the  unbathed  plates  in  the 
blue.     The  advantages  in  the  use  of  these  plates  for  such  a  line  as 

'  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  Xo.  25;  Astrophysical 
Journal,  27,  219-229,  iyo8. 

'  Hale,  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  No.  26;  Astro- 
physical  Journal,  28,  100,  1908. 

3  Astrophysical  Journal,  26,  299-325,  1907. 


R(yrATi().\  OF  sr\ 


139 


If  a  arc  considerable,  since  the  edges  of  the  line  are  at  best  juxirly 
defined,  and  the  finer  <^rain  and  the  superior  contrast  assist  materially 
in  the  measurement  of  the  line.  It  is  i)robal>le  that  the  later  plates 
show  a  considerably  higher  degree  of  accuracy  for  this  reason,  and 
in  the  summaries  of  the  results  whic  h  follow,  each  series  begin>  with 
the  first  j)hotograj)hs  taken  on  the  slower  j)lates. 

It  was  found  early  in  the  study  of  the  Ila  line  that  it>  width  changes 
very  rapidly  within  a  small  distance  of  the  >un'>  limb.  In  fact,  the 
entire  variation  in  apj)earance  between  limb  and  center  seems  to  take 
place  within  a  distance  of  little  more  than  one-thirtieth  of  the  solar 
radius.  It  seemed  probable  that  this  effect  might  be  due  to  the 
relative  level  in  the  two  cases,  the  effective  level  of  the  line  at  the  limb 
being  higher  than  that  inside  the  limb.  If  this  is  the  case,  we  should 
exj)ect  the  etTect  to  show  in  the  rotation  values  given  by  the  line  in  the 
two  positions.  Accordingly  two  series  of  observations  have  been 
made  on  Ha;  the  first  at  points  close  to  the  limb;  the  second  at  points 
averaging  about  3  mm  inside  the  limb.  The  values  obtained  from  the 
latter  have,  of  course,  been  reduced  to  the  limb  by  correcting  for  this 
distance. 

The  results  for  the  individual  plates  of  Ha  near  the  limb  follow. 
As  in  the  case  of  /  4227  each  result  is  based  on  two  measures. 

TABLE  XIV 


Plate 

♦ 

V  km 

4> 

V  km 

4> 

V  km 

« 

I' km 

♦ 

vkm 

<l>        V  km 

w  no 

0?2 

2.12 

i5?i .2.04 

29-9 

1-75 

44-3 

1-45 

6o?4 

0.97 

75-21  0.53 

w  115 

0.4 

213 

14.6    2.03 

29.6 

1.72 

44-9 

1.38 

60.5 

0.94 

75-9    0-49 

w  1181 

0.6 

2     15 

14.4    2.05 

29.4 

r.77 

44-9 

1-43 

60.4 

0.98 

75-9 

0.49 

w  Ii8j 

0.6 

2.17 

14.4 

2.06 

29.4 

1.74 

44-9 

1.44 

60.4 

0.99 

75-9 

0.52 

w  122 

05 

213 

M-5 

1.99 

295 

1.79 

44-5 

1-33 

59-5 

0-93 

75   I 

0.49 

«  123 

0-5 

2.  16 

14-5 

2.03 

295 

1.78 

44-5 

1. 41 

59-5 

0.96 

75  I 

0.48 

w  124, 

0-5 

2.10 

14-5 

2.09 

295 

1.78 

44-5 

1. 41 

59-5 

0.99 

75  I 

0-53 

w  124, 

05 

2.14 

145 

2.05 

29  5 

1.78 

44-5 

1-39 

59-5 

0.97 

75  I 

0.52 

w  125, 

o-S 

2.17 

14-5 

2.05 

295 

1.82 

44-5 

1.42 

59-5 

0.97 

75  0 

0.50 

w  125, 

0.5 

2.14 

14-5 

2.02 

29 -5 

1.80 

44-5 

1-43 

59-5 

0.96 

75  0 

0.49 

U  I  261 

0-5 

215 

14 -5 

2.04 

295 

1. 81 

44-5 

1. 41 

59-5 

0-95 

75  0 

0.50 

w  1262 

05 

2.16 

14-5 

2.02 

295 

1.84 

44-5 

1.42 

59-5 

0.98 

75  0 

0-53 

w  127, 

0-5 

2.16 

14-5 

2.04 

295 

1.80 

44-5 

1.38 

59-5 

0.95 

74-5 

0.52 

w  127, 

0-5 

2.17 

14-5 

2.02 

295 

1.83 

44-5 

1 .40 

59-5 

0.98 

74-5 

0.50 

o>  129 

o-S 

215 

14.5 

2.04 

295 

1.82 

44-5 

1. 41 

59-5 

0.96 

74-5 

0.52 

w  130, ' 

0-5 

2    15 

14-5 

2.03 

295 

1.80 

44-5 

1 .40 

59-5 

1 .00 

74-5 

0-53 

w  130, 

0-5 

2.14 

14-5 

2.03 

295 

1.79 

44-5 

1.40 

59-5 

0-95 

74.5;  0.55 

w  131 

o-S 

2.14 

M-5 

2.04 

29 -5 

1. 81 

44  5 

1. 41 

39-5 

0.98 

74.5!  0-52 

w  141 

0.1 

2.14 

14.8 

2.04 

29.7 

1.79 

44-9 

1. 41 

60.1 

0  99 

75i|  0-57 

u  144 

0.1 

2    15 

14.8 

2.04 

29.7 

1.79 

44.9 

1.44 

60. 1 

1 .00 

75   i|  0  59 

w  171 

0-3 

2.12 

15.2 

2.04 

30.0 

1.76 

45  0 

1.42 

60.2 

0.98 

75.0    0.60 

I40 
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If  we  form  means  from  the  above  results  we  obtain  the  following 
summary.  The  corresponding  results  for  the  reversing  layer  are 
given  in  the  last  three  columns. 


TABLE  XV 


* 

Ha 

Rex-ersinc  Layer 

I'  km 

i 

Period 

V  km 

f 

Period 

o?4 

215 

15-2 

23.6 

2.06 

i4?6 

24.6 

14.6 

2.05 

150 

24.1 

1-95 

143 

25.2 

29.6 

1.79 

14.6 

24.7 

1.67 

13-7 

26.3 

44.6 

1. 41 

14.0 

25-7 

1.28 

12.8 

28.1 

5Q.8 

0.97 

13-7 

26.2 

0.81 

"•5 

31.2 

75  0 

0.52 

14 -3 

25.2 

0.40 

10.8 

33-2 

Two  important  conclusions  are  evident  from  an  inspection  of  these 
results.  The  first  is  that  the  hydrogen  gas  giving  rise  to  Ha  moves  at 
a  much  higher  velocity  than  the  reversing  layer.  The  second  is  that 
the  law  of  change  of  velocity  with  latitude  is  very  ditTerent,  the  equa- 
torial acceleration  being  comparatively  slight.  Both  of  these  con- 
clusions were  derived  from  the  preliminary  values  given  in  the  paper 
previously  referred  to,  but  the  absolute  values  differ  considerably. 
In  the  preliminary  results,  for  example,  no  equatorial  acceleration 
whatever  was  found,  while  these  results  give  a  difference  of  over  1°  in 
the  value  of  ^  between  the  equator  and  high  latitudes.  The  absolute 
velocity  at  the  equator  was  also  found  to  be  about  0°  t,  larger  in  the 
preliminary  results.  The  greater  part  of  this  difference  is  no  doubt 
due  to  the  small  number  of  plates  upon  which  the  early  measures  were 
based,  and  also  to  the  fact  that  these  plates  were  comparatively 
inferior  in  quality,  being  obtained  previous  to  the  use  of  the  finer- 
grained  "Process"  plates.  There  is,  however,  another  cause  which 
may  contribute  to  a  systematic  difference  in  the  two  cases.  This  is 
the  fact  that  the  earlier  plates  were  taken  at  points  closer  to  the  edge 
of  the  sun  than  were  the  later  plates,  so  close,  indeed,  that  on  two  out 
of  the  three  Ha  plates  used  in  the  early  measures,  the  bright  chromo- 
spheric  line  appears  in  addition  to  the  dark  line.  Accordingly  it  is 
altogether  probable,  judging  from  results  found  for  Ha  inside  the 
limb,  that  in  the  ])lates  used  in  the  preliminary  determination  a 
higher  average  level  was  in  question  than  in  the  case  of  the  plates 
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(liscu^sc'd  hcrr,  and  that  this  higher  \v\\'\  would  gi\i-  hirgrr  velocities 
and  less  e;[uatorial  acceleration. 

The  results  obtained  from  plates  of  Ila  taken  at  points  within  the 
liml)  are  <'i\en  helow. 


TABLE  XVI 


Plate 

* 

vkm 

* 

vkm 

* 

vkm 

* 

vkm 

* 

vkm 

* 

vkm 

w  116 

o?i 

a. 14 

I4?9 

3.03 

39?9 

1.72 

45^1 

1.38 

6o?o 

0.91 

76?2 

0.44 

«  1 191 

0.6 

a. 13 

14 

4 

3.0t 

29  4 

I. 71 

44 

9 

1.36 

60.4 

0.91 

75 

9 

0.46 

«  119, 

0.6 

2  13 

14 

4 

a. 01 

29.4 

I    74 

44 

9 

^■32 

60.4 

0.88 

75 

9 

0.42 

«  131 

0.8 

2   13 

14 

4 

3.01 

29.4 

1.76 

44 

9 

1.36 

59  2 

0.96 

75 

9    0-50 

«  137 

0-5 

a. 10 

14 

5 

1.99 

29.4 

1-73 

44 

6 

I   39 

.59  8 

0.88 

74 

9    0  49 

«  138 

0.4 

2.08 

14 

5 

3.00 

29.4 

1-74 

44 

6 

1.36 

59-8 

0.87 

74 

9i  0-49 

w  143 

0. 1 

2.14 

14 

8 

3.03 

29.7 

1-75 

44 

9 

1. 41 

60.1 

0.94 

75 

11  0.50 

« 143 

0.1 

213 

14 

8 

1.99 

29.7 

1. 71 

44 

9 

1-37 

60.1 

0.94 

75 

I    0.52 

w  172 

0-3 

a. 08 

15-2 

1-97 

30.0 

1. 71 

45  0 

1-37 

60.2 

0.92 

750;  0-53 

Summarized,  these  results  give  the  following. 
Ha  al  the  limb  arc  added  for  comparison. 


The  values  for 


TABLE  X\  II 


Ha.  (within  limb) 

HcL  (limb) 

♦ 

vkm 

f 

Period 

V  km 

1 

Period 

o?4 

2.12 

I5-0 

24.0 

2    15 

I5?2 

23.6 

147 

2.00 

14.7 

24.5 

2.04 

150 

24.1 

29.6 

1-73 

14. 1 

255 

I.7Q 

14.6 

24-7 

44-8 

1-37 

13-7 

26.3 

1. 41 

14.0 

25-7 

60.1 

0.91 

13.0 

27.8 

0.96 

13.6 

26.3 

75-4 

0.48 

13.6 

26.4 

0.51 

14.2 

254  ' 

A  comparison  of  these  values  shows  not  only  that  the  velocities  for 
Ha  at  the  limb  are  larger  than  those  at  points  within  the  limb,  but  also 
that  the  equatorial  acceleration  is  less,  or  the  rate  of  rotation  more 
nearly  uniform.  It  is  clear,  then,  that  the  hydrogen  gas  producing 
Fla  at  the  limb  must  lie  at  a  generally  higher  level,  a  result  which  is  in 
agreement  with  the  character  of  the  spectrum  line  in  the  two  positions. 
In  the  case  of  a  gas  such  as  hydrogen,  which  extends  to  a  great  height 
in  the  solar  atmosphere,  it  is  evident  that  the  thickness  of  the  absorb- 
ing layer  in  the  line  of  sight  must  increase  very  rapidly  toward  the 
sun's  limb.  The  level  of  the  effective  absorption,  accordingly,  will 
in  general  be  higher  at  the  limb  than  on  the  disk  of  the  sun,  and  if  the 
upper  regions  are  cooler  the  effect  should  show  itself  in  the  change  of 
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intensity  which  accompanies  decrease  of  temperature.  Kayser  has 
shown'  that  with  decreasing  temperature  there  is  a  strengthening  of 
the  red  Hne  of  hydrogen  relative  to  the  more  refrangible  lines.  At  the 
limb  of  the  sun  it  is  found  that  the  intensity  of  Ha  is  greatly  increased 
as  compared  with  its  intensity  at  the  center,  H^  is  also  slightly  in- 
creased, while  Hy  and  HS  are  somewhat  weakened.  The  agreement 
with  the  laboratory  results,  then,  is  complete. 

It  is  as  yet  impossible  to  compare  these  results  with  those  obtained 
from  the  study  of  the  Ha  flocculi  on  spectroheliograph  plates,  but 
measures  now  being  made  by  Miss  Ware  will  furnish  the  material  for 
such  a  comparison.  It  will  also  be  of  special  interest  to  discuss  the 
results  of  the  Ha  and  the  H8  flocculi  separately,  since  the  general 
evidence  at  present  indicates  a  higher  level  for  the  Ha  flocculi  as  a 
class.  It  has  not  been  found  possible  to  use  either  Hy  or  HB  to 
advantage  in  the  spectroscopic  study,  both  on  account  of  the  inherent 
character  of  the  lines  and  the  disturbances  produced  by  the  presence 
of  foreign  lines. 

The  results  for  /4227,  Ha  at  the  limb  and  Ha  within  the  limb, 
are  shown  graphically  in  Fig.  2.  The  fourth  curve,  indicated  by  a 
dotted  line,  corresponds  to  the  linear  velocity  of  a  body  rotating  with 
the  uniform  angular  velocity  of  15?  2  a  day.  It  is,  of  course,  the  usual 
cosine  curve.  A  marked  feature  of  all  of  the  results  is  the  sudden 
increase  in  angular  velocity  near  75°  of  latitude.  Although  at  this 
latitude  the  angular  velocity  is  especially  sensitive  to  small  differences 
in  linear  velocity,  the  persistence  of  the  efl"ect  for  the  three  inde- 
pendent series  of  observations  furnishes  some  presumption  of  its 
reality.  It  is,  moreover,  the  counterpart  of  the  differences  from  the 
general  reversing  layer  found  among  the  low-level  lines.  These,  as 
was  seen  from  the  results  given  earlier  in  this  paper,  show  exception- 
ally large  deviations  in  the  higher  latitudes.  At  present  the  question 
of  the  reality  of  this  effect  must  remain  an  ojjcn  one. 

GENERAL    SUMMARY 

The  main  results  of  this  investigation  may  be  summarized  as 
follows : 

I.  Observations  of  the  rotation  of  the  sun  during  1908  give  values 

'  Festschrift  Ludwig  Boltzmann  (Leipzig,  1904),  p.  38. 
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agreeing  closely  with  those  of  1906-1907  between  latitudes  0°  and  50°. 
Above  50°  they  give  larger  values,  the  difference  in  linear  velocity 
reaching  at  a  maximum  0.036  km. 

2.  The  general  agreement  of  the  results,  and  the  excellent  accord 
with  Duner's  values,  are  opposed  to  the  existence  of  a  variation  in  the 
rotation  rate  between  1906  and  1908.  If  any  such  variation  exists 
it  is  confined  to  the  higher  latitudes,  and  does  not  appear  in  the  zones 
of  greatest  spot  activity.  The  results  arc  also  opposed  to  a  three-vear 
period  of  variation,  such  as  was  obtained  by  Halm  from  a  comparison 
of  his  values  with  those  of  Duner. 

3.  The  observations  of  1908  confirm  those  of  1906-1907  in  show- 
ing that  different  lines  give  different  velocities.  Lines  of  lanthanum 
and  cyanogen  give  low  velocities;  certain  lines  of  manganese  and  iron 
give  high  velocities.  The  investigation  of  two  "enhanced"  lines 
indicates  a  tendency  toward  low  values  for  lines  of  this  type.  In  one 
of  the  cases  this  effect  is  very  marked.  Lines  considerably  .strength- 
ened at  the  sun's  limb  give  high  values  in  general. 

4.  When  lines  give  systematically  large  or  small  values  for  the 
rotational  velocity  the  differences  from  the  mean  become  greater 
toward  higher  latitudes. 

5.  The  results  given  by  the  1908  observations  are  satisfied  within 
the  limits  of  accidental  error  by  the  equation  given  by  Faye  for  the 
motion  of  the  sun-spots  observed  by  Carrington.  The  fact  that  the 
observations  of  Duner,  Halm,  and  myself  are  all  satisfied  by  this 
equation  indicates  that  this  represents  the  law  of  rotation  of  the  sun's 
reversing  layer  to  within  at  least  10°  of  the  pole. 

6.  Comparison  of  the  probable  errors  for  the  two  series  of  obser- 
vations indicates  a  substantial  gain  in  accuracy  of  measurement  for 
the  1908  series  over  that  of  1906-1907. 

7.  The  motion  of  the  reversing  layer  in  the  vicinity  of  solar  vortices 
may  be  seriously  influenced  by  the  motion  of  the  vortices,  and  the 
rotation  velocities  obtained  from  such  regions  arc  subject  to  large 
systematic  errors.  It  is  important  in  taking  observations  for  rotation 
to  avoid  all  such  disturbed  areas. 

8.  A  special  study  of  the  calcium  line  X  4227  shows  that  the 
rotational  velocity  derived  from  this  line  is  higher  than  that  for  the 
general  reversing  layer,  the  difference  at  the  equator  amounting  to 
o?3.     Also  the  decrease  of  velocity  with  increasing  latitude  is  much 
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less  marked  than  for  the  rcvcr^inj^  layt-r.  At  75°  of  latitude  the 
angular  velocity  of  A  4227  is  i?5  greater  than  for  the  reversing  layer. 
().  A  special  studv  of  tiie  a  line  of  hydrogen  >ho\vs  that  the  rota- 
tional velocities  which  it  gives  depend  uj)on  the  distance  from  the 
sun's  limb.  Results  obtained  from  Ila  at  the  limb  of  the  sun  arc 
considerably  larger  than  those  for  the  reversing  layer  and  show  a 
comparatively  small  decrease  in  the  value  of  the  angular  velocity 
toward  the  pole.  .\t  the  ecpiator  the  dilTerence  from  the  rever>ing 
layer  amounts  to  o?6,  and  at  75°  of  latitude  to  t,°o. 

10.  Al  a  distance  averaging  35"  inside  the  sun's  limb  the  results 
obtained  from  //«  are  considerably  smaller  than  the  corresponding 
values  at  the  liml),  although  still  much  larger  than  for  the  reversing 
layer.     They  also  average  somewhat  larger  than  for  A  4227. 

11.  The  sudden  increase  in  angular  velocity  at  latitude  75°  may 
perhaps  be  a  genuine  effect  similar  to  that  found  among  the  lines  of 
the  reversing  layer  which  give  systematic  deviations. 

12.  The  large  rotational  values  given  by  A  4227  and  Ha,  as  well 
as  the  differences  found  for  Ha  at  the  limb  and  inside  the  limb,  may 
all  be  accounted  for  upon  the  basis  of  differences  of  level  in  the  solar 
atmosphere. 

It  may  be  of  interest,  acting  on  a  suggestion  from  Professor  Kap- 
teyn,  to  call  attention  to  the  fact  that  the  difference  in  the  values  of 
the  rotation  obtained  from  different  s])ots  on  the  planet  Jupiler  may 
perhaps  be  explained  on  a  basis  similar  to  that  given  for  dift'erent 
elements  in  the  sun,  A  difference  of  about  6  minutes  has  been  found 
in  the  rotation  period  given  by  different  spots  upon  the  surface  of 
Jupiter.^  The  ratio  of  this  difference  to  the  longer  rotation  period 
is  of  much  the  same  order  as  that  obtained  by  comparing  A  4227 
with  the  reversing  layer,  or  Ha  with  A  4227.  It  seems  reasonable 
to  conclude,  therefore,  that  the  dilTerent  velocities  found  in  Jiipiter^s 
atmosphere  may  be  wholly  accounted  for  upon  the  basis  of  a  dif- 
ference of  level  for  the  various  spots  observed. 

I  wish  to  express  my  appreciation  to  Miss  Lasby  for  her  careful 

and  accurate  measurement  of  the  majority  of  the  ])lates  included  in 

this  discussion. 

Mount  VVilsom  Solar  Observatory 
November  1908 

'  Stanley  Williams,  Monthly  Xotices,  56,  143-15 1,  1896. 


STUDIES  IX  SEXSITOMETRY.     Ill 

OX  THE  EVALUATION  OF  THE    RECIPROCITY  LAW,  BASIC  FOG 

AXD  PRELIMINARY  EXPOSURE 

By  R.  JAMES  WALLACE  and  HARVEY  B.  LEMON 

A  cursor}"  examination  of  j)ast  j)hotographic  literature  is  sufficient 
to  show  the  recurrence  of  similar  ideas  and  methods  which  have 
either  been  discarded  as  fallacious,  or,  because  of  lack  of  definite 
scientific  investigation.,  have  never  advanced  beyond  a  somewhat 
nebulous  stage  of  development.  The  systematic  and  unbiased 
investigation  of  these  ideas  is  of  the  utmost  importance,  not  only  in 
the  upbuilding  of  a  firm  foundation  upon  which  may  be  reared  the 
structure  of  photographic  practice,  but  such  investigation  is  also  of 
major  importance  to  every  scientist  who  records  his  results  by 
photography. 

The  work  detailed  in  the  present  paper  was  undertaken  in  the 
hope  of  obtaining  definite  measurable  results  and  shedding  light  upon 
somewhat  disputed  questions. 

Primarily,  it  was  concerned  merely  with  the  eft'ect  of  a  supple- 
mentary' "fogging"  exposure  upon  a  plate  as  influencing  the  record- 
ing power  of  the  sensitive  film,  but,  as  the  work  progressed,  it  was 
found  necessary  to  investigate  also  the  influence  of  vanning  amounts 
of  "fog"  upon  recorded  densities,  and  likewise  the  so-called  "reci- 
procity law." 

It  is  usual  in  all  photographic  density  measurements  to  subtract 
from  each  reading  the  total  amount  due  to  basic  "fog,"  i.  e.,  the  sum 
of  the  absorption  of  the  glass,  the  gelatine,  and  the  general  reduction 
products  in  the  film.  As  a  usual  thing  this  value  is  comparatively 
small,  amounting  in  a  good,  clean-working  plate  to  about  0.05 
(Hurter  and  Driffield),  which  is  practically  neghgible  except  on 
records  of  small  total  luminosity.  From  causes  either  inherent  in 
the  film — induced  by  subject  or  apparatus,  or  intentionally  added 
(as  in  the  case  of  a  preliminary  exposure) — this  value  may  increase 
in  an  alarming  manner  and  rise  as  high  as  0.45  or  0.5  H.  and  D. 
This  is  equivalent  to  20  per  cent,  of  the  highest  allowable  j)rinting 
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density  uj)on  the  plate,  for  when  this  fog  value  is  subtracted  from  the 
various  densities,  the  records  are  not  only  in  t-rorr,  hut  result  in 
anomaly. 

As  an  example  of  >uch,  llic  follow  iiii;  experiment  i^  detailed. 

.\  Seed  "Ci.  K.  27"  ])lale  wa^  impiessed  with  a  series  of  i)relimi- 

nar\   exposures  in  strijjs  A,,  .\, \,h  runninj^   parallel  to  the 

longer  edge.  The  plate  was  then  exposed  in  the  sector-disk  machine 
and  received  a  second  scries  of  exposures  Hi,  Hj  .  .  .  .  Hs*  and  was 
develo])ed.  Measurements  of  the  ])late  gave  the  following  flensity 
values : 

TABLE  I 


No. 

Original 
(Minus  Fog) 

Original +Fj 

Original +F6 

Fog* 

I 

2 

3 

0.0105 
.0105 
.0105 
.0461 
.1841 

•4327 

.7603 

I . I 669 

I    6443 

2.2223 

0.2418 
.0216 
.0386 
.0700 
.1662 

•3472 

.6110 

1.0032 

1.4504 

1. 9130 

0.5278 
.0094 
.0286 
.0486 
.1038 
.  1702 

C       

6 

.4082 

7 

S 

Q 

.6988 
1. 1328 
1.6634 

*  The  value  of  the  "fog"  on  subscripts  3  and  6  equals  the  value  of  the  preliminary  exposure  plus  the 
basic  "fog"  of  the  original. 

If  now  these  measurements  be  plotted  in  the  usual  manner  against 
log  exposure,  it  will  readily  be  seen  (Fig.  i)  that  all  of  the  curves 
will  cross  the  original  curve  at  a  low  density-value,  so  that  in  the 
region  of  higher  density  these  results  are  utterly  false  representations 
of  the  plate  values;  for  these,  while  still  in  the  straight  portion  of  the 
characteristic  curve,  are  shown  as  of  lower  density  when  the  incident 
light-value  is  increased.  The  utter  falsity  of  this  result  may  be 
appreciated  by  glancing  at  Fig.  A,  Plate  XIII,  which  is  a  reproduction 
of  a  similar  negative. 

Observation  of  Fig.  .\  will  at  once  impress  the  fact  that  as  the 
increasing  supplementary  fog  value  F^  falls  upon  successively  in- 
creasing" original  densities  (0„),  the  additive  effect  becomes  less  and 
less  apparent  until  it  is  finally  lost;  this  extinction  point  (so  to  name 
it)  var}'ing  with  the  relative  values  of  F  and  O.  It  is  therefore  evident 
that  the  subtraction  of  an  equal  value  for  this  fog  (F)  from  densities 
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0„  cannot  be  considered.     To  determine  this  variation  was  there- 
fore obviously  the  first  consideration. 

"fog"  value  with  increasing  densities 
Upon  a  Seed  "27"  plate  was  made  a  series  of  exposures  to  the 
constant  acetylene  light,  the  exposures  being  so  timed  that  each 
strip  received  an  exposure  increasing  by  1.27  times  that  immediately 
preceding  it,  and  then  developed.  When  dry  the  plate  was  measured 
in  the  spectrophotometer  at  several  points  along  the  length  of  the 
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Fig.  I 


strips  in  order  to  determine  the  evenness  of  the  deposit.'  This 
plate  was  then  used  as  a  transparency  behind  which  were  exposed  a 
number  of  other  plates  for  fog  value  determination. 

This  transparency  plate  was  set  up  at  a  distance  of  2.0  meters 
from  the  constant  acetylene  light,  and  the  plate  behind  and  in  con- 
tact with  it  received  an  exposure  of  200  seconds.  Upon  completion 
of  the  exposure  the  plate  was  rotated  180°  and  exposed  again  for 

'  Owing  to  the  coating  inequality  of  the  ordinan'  commercial  plate,  it  was  found 
necessan'  to  make  careful  selection  before  one  suft'icientlv  even  was  found. 
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another  200  seconds  and  tlun  (1(.'\ eloped.     A  laru;e  number  of  such 
pi  itei  was  made  in  the  course  of  the  investif^ation. 

Measured  densities  were  tlien  plotted  as  ordinates  aj^ainsl  log 
exposure  as  abscissae,  and  as  the  actinic  value  of  the  acetylene  burner 
at  a  distance  of  2.0  melers  =  o.i5  candle,  then 

log  is  =  log  /  +  log  T, 
where  log  T  is  the  value  obtained  by  measurement  of  the  strips  on 
the  transparency  plate.'     These  curves  are  shown  in  Fig.  2. 

Referring  to  Plate  XIII  and  calling  one  series  of  exposures  the  origi- 
nal, its  successive  strips  may  be  designated  0,0,,  O^,  ....  O^o.  while 
the  other  exposures  may  be  termed  "fogging  strips"  and  designated 
as  Fi,  Fj,  F3, .  .  .  .  Fjo;  It  will  of  course  result  that  the  graphic 
illustration  of  O,  0„  O^,  .  .  .  .  0,^  (which  has  been  protected 
from  any  additive  exposure)  will  simply  represent  the  characteristic 

curve  of  the  plate,  while  F,  (O,  O,,  O,,  O^ 0,J  illustrates 

the  change  occurring  when  defmite  amount  of  "fog"  (F,)  is  added 
to  the  original  series  of  exposures  O,  O,,  O^,  ....  O^^  (Fig.  2). 

In  sensitometric  and  general  scientific  work  where  it  very  often 
occurs  that  heavily  fogged  plates  have  to  be  measured,  the  value  of 
the  curves  should  be  "obvious:  particularly  in  the  measurement  of 
relative  brightness  in  such  instances  as  solar  disk  phenomena,  selective 
spectral  intensity,  etc. 

In  use,  one  knowing  the  value  of  the  "fog"  under  consideration, 
mav  at  a  glance  obtain  the  "minus  value"  of  the  same  for  densities 
of  var}'ing  amount.  It  will  be  noted  that  fog  increase  values  appear 
to  become  asymptotic  to  the  straight  portion  of  the  characteristic 
curve. 

GAIN    FROM    PRELIMINARY    EXPOSURE 

To  determine  the  value  of  preliminary  exposure  with  reference 
to  the  photographic  visibility  of  light  of  feeble  intensity,  the  following 
method  was  adopted.  Exposure  was  made  to  the  constant  acetylene 
light  through  a  transparency  graduated  in  strips  (whose  densities 
advance  in  arithmetical  progression)  for  a  definite  length  of  time, 
and  at  a  definite  distance.  The  plate  was  next  turned  through  180° 
and    exposed    behind    the    rotating   sector   disk,    the   apertures  of 

'  A  series  of  differently  timed  crossed  exposures  made  directly  to  the  acetylene 
light  without  the  interposition  of  the  "transparency"  gave  precisely  similar  results. 
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which  advance  geometrically.     Both  exposures  were  so  timed   that 
the  developable  impression  ceased  to  be  visible  before  exhausting  the 


log  E 


Fig.  2 


(). 

Original  (unfogged) 

F,. 

Densit> 

= I . 4006 

/■".. 

Density  =0.2154 

F,. 

=  1   7128 

/•.. 

"        =     .W72 

Fi. 

=  2.0060 

/■^. 

"      =    .4872 

F,. 

=  2.3130 

F*- 

"      =    .7482 

F,o. 

=  2 . S340 

F,. 

"      -     0970 

F„. 
F„. 
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=  2  0M4 
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iuniil)eT  oi  strips.  Tlu'  ])lati'  was  llu-n  <l(.\(.l()|)c(l  a.s  usual  under 
constant  conditions. 

A  very  larj^c  number  of  plates  (Seed  "27")  were  thus  made  with 
tht-  lij^ht  at  dilTerent  di.-^lames  and  behind  variously  j^raduated 
tran>i)arencies.  hul  the  results  in  every  i  ase  >imply  Nerified  one 
another. 

Fig.  A,  I'iali-  XI 11.  i>  a  repnxhu  tion  of  such  a  j^lale  a.-^  ha>  just  been 
described,  and  even  with  the  unavoidable  loss  due  to  the  half-tone 
process  it  will  be  seen  that  there  are  arcs  showing  upon  some  of  the 
"fogged"  sections  whicii  are  totally  invisible  uj)()n  the  original  unfogged 
region.  This  gain  is  best  noticeable  at  /%  and  the  gradual  disapi)ear- 
ance  of  the  etTect  of  the  additive  "fog"  against  increasing  density  of 
the  original  is  also  clearly  shown. 

All  of  the  plates  thus  exposed  were  assembled  and  selection  for 
measurement  was  made  of  that  one  which  showed  the  maximum 
effect  of  increase.  The  measurement  of  such  small  dilTerences 
requires  the  utmost  care  and  is  very  trying  upon  the  eyes;  ample 
precautions  were  taken  relative  to  screening  off  extraneous  light. 

The  density  measures  of  this  plate  are  shown  in  Table  II,  and  the 
plotted  values  in  Fig.  3. 

TABLE  II 


No. 


Original* 
(Unfogged) 

Originalt 
+  Prelim.  Exposure 

0.4938 

■5232 

0.1588 
.2818 

■5.590 
.6512 

•5324 

.8306 

1.2574 

I. 7128 

2.2108 

.7646 

.9970 

I  .  3860 

1.8038 

2 . 2 1 08 

•  These  values  represent  the  actual  density,  the  value  of  the  density  due  to  glass  and  gelatine  having 
been  subtracted,  as  is  usual  in  sensitometric  measures. 
t  Deasity  of  preliminary  fog  =  0.451 2. 

It  was  at  first  intended  to  plot  the  densities  of  this  plate  against 
actual  candle  power,  but  further  consideration  of  the  method  showed 
the  infeasibility  of  such  a  plan,  for  while  it  presumably  would  be  true 
for  a  certain  emulsion  evenly  coated,  yet  commercial  production 
does  not  allow  of  such  a  degree  of  accuracy,  and  any  change  in  the 
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speed  or  constitution  of  the  emulsion  would  necessitate  an  entirely 
new  determination.  We  considered  it  decidedly  better,  therefore, 
to  plot  these  densities  against  exposure  ratios  in  powers  of  2  as  being 
the  more  practical,  and  also  because  this  method  presents  uniformity 
with  earlier  papers  published  by  one  of  us. 


j 

2.4 

/ 

1.8 

1            1 

1 

, 

,/ 

/ 

1 .6 

i 
'  1 

i 

i  -4 
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'/ 

' 

'  : 

1 

0  8 

L 

0.6 

J^"'' 

// 

> 

1 

M=^- 

f 

C.4 

uc'i 

•/ 

0 

J^^^^^^"^    Or.^' 

ll 

Fig.  3 


9  Exposures  in 
powers  of  2 


Considering  now  these  curves  shown  in  Fig.  3,  the  continuous  line 
represents  the  original  (unfogged),  while  the  dotted  line  represents 
the  same  original  exposure  but  as  influenced  by  an  amount  of  ])rc- 
liminary  exposure  giving  a  density  value  of  0.3218.  It  is  of  course 
understood  that  this  density  (0.3218)  would  appear  in  practice 
entirely  covering  the  plate  as  a  "basic  fog"  and  would  be  repre- 
sentative of  the  highest   transparency  thereon.     Having  a   dcfinile 
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measurt'  of  this  additive  fog,  we  can,  by  reference  to  the  curves 
shown  in  I'ig.  2,  construct  another  curve  which  will  rej^resenl  the 
true  increase  or  gain  in  sensitiveness  conferred  by  the  preliminary 
exposure.      This  curve   is  shown   b\-  the   liiavy  continuous   line   in 

Just  how  much  has  been  gained  by  the  method  is  |)lainly  shown 
grajihically,  but  is  dilVicult  to  present  in  figures.  One  naturally 
expects  to  be  able  to  state  in  {percentages  the  amount  of  any  change, 
but  in  this  instance  such  a  method  would  convey  very  misleading 
information;  for,  while  with  the  most  careful  examination  No.  3  was 
the  first  exposure  to  show  any  trace  of  development  action  on  the 
original  (unfogged)  scale,  yet  Nos.  1  and  2  showed  perfectly  measur- 
able ditTcrcnccs  on  the  strip  preliminarily  fogged.  The  gain  could  thus 
be  only  represented  in  percentage  by  "infinity;"  which  is  ridiculous. 
We  have  considered  it  better  therefore  to  make  our  deductions  from 
sector  exposure  Xo.  3,  which  gives  a  density  ditTerence  of  0.08  (H. 
and  D.).  This  value  corresponds  to  about  0.2  magnitude  on  stars 
near  the  limit  of  photographic  action,  i.  c.  of  a  density  so  low  that 
their  impress  is  but  barely  discernible  on  the  negative.  This  gain, 
as  will  be  seen  both  from  the  curve  and  from  Plate  XIII  (B),  is  a 
quantity  decreasing  with  the  density:  for  example,  for  neighboring 
stars  giving  a  density  value  of  0.4  the  gain  is  reduced  to  0.08  mag- 
nitude. 

From  these  results  it  therefore  appears  to  us  that  there  is  no 
practical  advantage  in  preliminary  (or  supplementary)'  exposure 
in  so  far  as  concerns  astronomical  (stellar)  photography.  It  is, 
however,  perfectly  comprehensible  that  there  may  be  special  occa- 
sions (more  particularly  in  long  spectroscopic  exposures)  where  the 
exposures  are  measured  by  hours  or  days,  when  the  slight  gain  would 
be  well  worthy  of  consideration;  ordinarily  the  "gain"  is  a  negHgible 
Cjuantity  which  is  in  many  lines  of  work  ofTset  by  the  change  in  grada- 
tion curve.  ^  The  great  majority  of  workers  will  naturally  hesitate 
to  purposely  "fog"  their  plates  for  so  slight  a  gain. 

'  Plates  made  with  supplementan'  exposure  resulted  in  values  similar  to  those 
preliminarily  exposed. 

'  This  change  is  shown  by  the  uniformly  lower  7  of  the  "fogged"  strip,  i.  e.,  by 
a  smaller  angle  between  the  straight  portion  and  the  log  E  axis. 
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RECIPROCITY   LAW 

The  well-known  Bunsen-Roscoe  ''reciprocity  law"  states  that  the 
product  It  =  E,  where  /  is  the  intensity,  /  the  time,  and  E  the  exposure. 
Abney  was  the  first  to  point  out  that  this  law  did  not  hold  for  ])hoto- 
graphic  plates,  and  further  work  has  since  been  undertaken  upon  the 
subject  by  English,  Schwarzschild,  Mees  and  Sheppard,  and  others, 
from  which  it  results  that  the  formula  It^^E  is  more  in  agreement 
with  truth  when  P  is  slightly  less  than  unity. 

As  the  matter  is  of  considerable  importance  from  an  astronomical 
standpoint,  it  was  decided  to  verify  these  foregoing  values  upon 
the  plates  most  generally  in  use'  in  astronomical  and  general 
scientific  work,  viz..  Seed  "27"  and  Cramer  "Instantaneous  Iso- 
chromatic." 

A  large  number  of  exposures  were  made  upon  these  respective 
plates  behind  the  graduated  transparency  before  mentioned,  at 
different  distances  from  the  constant  acetylene  light,  and  (by  means 
of  shutters)  for  different  lengths  of  time,  i.  e.,  different  values  of  P. 
From  the  formula  It^=E  we  obtain: 

whence 

log^-; 
and 


/2  =  antilog 


log  /i-log  /2-1-i'log/, 


In  actual  practice  six  separate  exposures  were  made  on  each  plate 
("27"  and  "iso")  in  the  following  manner.  One  portion  of  the 
plate  was  exposed  behind  the  transparency  for  40  seconds  with  the 
constant  light  at  a  distance  of  2.0  meters.  This  "constant"  ex- 
posure may  be  rcj)resented  l)y  m.  The  light  was  then  removed  to  a 
distance  of  12.0  meters  (=3^6  the  original  intensity)  and  4  more 
exposures  were  given  on  the  remaining  portions.  As  each  exposure 
time  was  completed,  the  movable  slides  protected  that  portion  from 
further  light-action,  which,  for  examj)le,  were  in  some  cases 

•  In  the  United  Stales. 


STUDIFS  IX  SEXSirOMETRY 


'DD 


24  minuU->  \/^m}  =J'=i.o 

35       "  4  secf )nds  =  P=o.  905 

53       "         48       "       =7^  =  0. 816 

1  hour  26       "         16       "       =P  =  o.734 

2  '•      27       "         52       "       =P=o.66i 

although  varying  values  for  P  wtrt-  <^i\c-n  on  (liflVri-nt  i>latt's. 


ponents 
0.663 

0734 

0.816 
Seed  '27" 

o.yo ; 

I .0     0.66S     c. 
Fig.  4 

722    C.7S7  0  S34 

Cramer  In-t.   Iso. 

As  was  anticipated,  examination  of  the  plates  after  development 
showed  that  in  every-  case,  with  the  "  27,"  the  exponential  value  varied 
with  the  density.  With  the  "iso'^  plate  this  variance  does  not  obtain, 
but  remains  practically  constant  even  beyond  the  limit  of  full  printing 
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density.  Plotting  the  measures  made  from  these  two  types  of  plate 
against  the  true  log  £.  the  crossing  of  the  various  curves  over  m  is 
plainly  shown. 

If,  however,  these  curves  be  plotted  with  density  against  exponents, 
we  obtain  a  series  of  smooth  curves  which  present  great  interest, 
for  upon  each  unit  we  may  indicate  the  density  value  of  ;;;.  and,  con- 
necting the  points,  obtain  a  result  which  gives  directly  the  exponential 
value  required  to  reproduce  a  density  of  any  chosen  magnitude. 
Thus  it  will  be  noted  (Fig.  4)  that  with  a  Seed  "27"  plate  for  a 
density  value  of  2.6  the  exponent  value  required  is  0.88,  while  for 
Z>  =  o.4,  P  =  o.  76. 

In  astronomical  photography,  assuming  that  for  certain  stars  of 
«th  magnitude  an  exposure  of  60  minutes  is  necessary  in  order  to 
obtain  upon  the  film  a  density  of  o. 4.  then  the  exposure  time  necessai}' 
to  obtain  images  of  comparable  density  from  stars  i.o  magnitude 
fainter  would  be  found  as  follows: 

Let 


/.= 

I 

2-5 

p 

=0.9 

tr- 

=  60  minutes 

/,= 

=.v 

then 


and 


0+0-397Q+0-9XI   7782 

- — =2.22 

0.9 


log""'  2.22  =  166  minutes  =  /2  • 

For  stars  of  higher  density  the  time  is  ])roportionatcly  si'.orter. 

Regarding  the  Cramer  "inst.  iso."  plate  curves  (Fig.  4),  it  will 

be  seen  that  when  j)lotted  in  similar  manner  the  exponential  curve  is 

practically  a  straight  line  with  its  mean  value  at  0.83,  which  is  in 

practical   agreement   with    Schwarzschild,    who   found    when    using 

Schlcussner  j)lates  i'  =  o.86.     It  is  evident,  however,  that  the  value 

for  P  will  vary  with  plates  of  identical  "brand"  if  the  emulsion  be 

not  coated  in  one  oj)eration  at  the  one  time.     It  is  also  jjrobable  that 

the  P  value  may  vary  with  the  wave-length  of  the  incident  light. 

Yerkes  Observatory 
November  30,  190S 


THE   ARC   SPECTRUM    OK    IRoX    /  ()855    to   /  7412 

BY   K.  J.   KXANS 

Sonu'  lime  iv^o  Professor  Fowk-r  suggcstt-d  to  nu-  tlu-  investigation 
ami  tabulation  of  the  wave  lengths  of  the  titanium  line>  in  the  red 
end  of  the  spectrum. 

Since  the  spectra  I'lrst  studied  were  prismatic,  it  was  necessan*  to 
know  the  wave-lengths  of  certain  lines  in  the  above  region,  which 
were  to  be  employed  as  standards  to  calculate  the  constants  A^,  c,  and 

5„,  in  the  Cornu-Hartmann  formula,  /=/oH . 

With  this  end  in  view  the  iron  spectrum  was  investigated  in  the 
same  region.  The  instrument  employed  was  a  spectrograph  of  the 
Littrow  pattern  having  one  prism  of  angle  60°  (/Xd=  1.6467),  and 
an  object  glass  of  12  ft.  focal  length.  The  photographs  were  taken 
with  Messrs.  Wratten's  panchromatic  plates.  The  plates  were  then 
measured  on  a  stage-micrometer  reading  to  o.ooi  mm  by  estimation, 
and  the  reduction  to  wave-lengths  was  made  by  means  of  the  above 
formula. 

Plates  of  the  iron  spectrum  taken  with  long  exposure  showed  several 
lines  of  greater  wave-length  than  6855.419,  the  last  iron  line  tabu- 
lated by  Rowland.  By  extrapolation  approximate  wave-lengths 
were  obtained  for  these  lines.  It  was  immediately  noticeable  that  the 
wave-lengths  fell  very  near  to  those  of  lines  in  the  solar  spectrum, 
which  were  then  assumed  to  be  due  to  iron  vapor.  The  solar  lines 
7207.715,  7038.50,  and  6855.419  were  now  taken  as  standards  for 
the  calculation  of  the  constants  for  interpolation,  and  the  wave- 
lengths of  the  other  hnes  determined.  The  wave-lengths  thus 
calculated  were  coincident  within  about  0.04  of  a  tenth-meter  with 
the  solar  lines. 

It  afterward  became  possible  to  investigate  the  iron  sjjectrum  with 
the  aid  of  a  Rowland  concave  grating  of  10  ft.  radius,  and  about 
14,500  lines  to  the  inch.  The  temporary  mounting  of  the  grating  for 
this  work  did  not  give  spectra  which  were  strictly  normal,  but  a  linear 
formula  could  be  used  for  interpolating  between  standards  not  far 
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apart.  With  this  instrument  a  first-order  iron  spectrum  of  one 
hour's  exj)osure  was  taken,  and  overlapping  it  a  second-order  spectrum 
of  iron.      In  {\\\>  way  the  wave-lengths  of  some  of  the  lines  were 

TABLE  OF  WAVE-LENGTHS  OF  IRON  LIXEd  FROM  6855  TO  7412 


Wave-Length 

Int. 

Nearest 
Solar  Line 
(Rowland) 

Origin 
(R) 

Int. 
(R) 

Remarks 

6855.419 

10 

6855.419 

Fe 

3 

Taken  as  standard 

57-5° 

I 

57-515 

0 

38.42 

5 

58.415 

2 

62.12 

0 

J    62.014 
\     62.210 

0000 
0 

62.76 

1-2 

62.76 

1 

76  23 

0 

76-255 

oooN 

80.90 

o-i 

80.887 

00 

81.82 

I 

81  .720 

00 

86.0s 

4-5 

86.000 

A(0) 

II 

98.56 

1-2 

98.556 

00 

6903.10 

1-2 

6903 .120 

00 

11.83 

0 

11.790 

A,  - 

ooN 

15-43 

0 

16.96 

7 

16.948 

2 

30.89 

0 

30 . 890 

ooN 

33-33 

0 

33-305 

oN 

33-89 

2 

33  887 

2 

45.46 

10 

45-477 

4 

47-72 

1 

47.702 

A(0) 

0 

51-54 

5 

51.518 

I 

60.60 

0 

60 . 590 

00 

72.17 

0 

72.205 

00 

75.80 

I 

75-706 

0 

76-57 

0 

76.535 

oooN 

77.17 

0 

77.198 

00 

77.72 

I 

77-715 

A(WV) 

3 

79.12 

10 

79.120 

2 

Taken  as  standard 

88.79 

2 

88.805 

0 

7000.16 

5 

7000.155 

I 

00.91 

I 

00.880 

00 

08.26 

2 

08.225 

0 

10.65 

I 

10.618 

oooN 

II  .67 

1-2 

11.590 

A(WV) 

2 

16.32 

2 

16.330 

-  A(\VV) 

I 

16.67 

6 

16.675 

-,A(WV) 

3 

23-25 

5 

23.230 

2 

24.32 

I 

24  340 

0 

24.90 

2 

24.913 

I 

38  50 

5 

38 . 500 

I 

obtained,  and  their  coincidence  with  the  previously  mentioned  solar 
lines  confirmed. 

The  photographic  plates  were  measured  on  the  stage-micrometer, 
and  in  the  final  reductions  the  solar  wave-lengths  as  obtained  from 
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Rowland's  tables  \\\rv  vn\\)U)\vi\.  .\>  far  a>  (ould  hi-  (IchTinimd 
the  sj)ecimc'n  of  iron  (.in ployed  \va>  almost  ])ure. 

The  j^ratini^  i)hoto<^ra|)h  hrouf^ht  out  about  (;o  lines  in  the  >|)ei  trum 
l)i-l()\v  ()S55.4:().  Some  of  theM-  were  too  faint  to  be  accurately 
measured,  and  have  therefore  been  omitted  in  the  appended  table. 

The  wave  lengths  of  the  nearest  solar  lines,  with  their  intensities, 
have  been  included  in  the  table.  The  values  taken  are  those  given 
!))•  Rowland,  and  the  origins  of  the  line>  (if  any)  as  given  by  him 
have  also  been  included. 


TABLE  OF  WAVK-LENGTHS  OF  IRON  LINES  FROM  6855  TO  7412 


Wave-LeriKth 

Inl. 

Ni'iircst 
Solar  Line 
(Rowland) 

OriRin 
(R) 

Int. 

((R) 

1  Remarks 

7039.08 

0 

7039.040 

0 

There  is  a  Ti  line  at  7039.04 

68.67 

5 

68.685 

2 

7213 

0 

72.130 

oN 

83.68 

0 

83.680 

ooN 

87   03 

I 

87.008 

00 

90.66 

5 

90 . 660 

2 

95.68 

I 

95    690 

0 

7107.76 

0 

7107.740 

0 

12.46 

' 

12.450 

0 

* 

31.21 

6 

31.204 

3 

33  29 

2-3 

33-263 

I 

45  64 

I 

45-615 

I 

56.00 

0 

55-945 

oN 

64.76 

6 

64  725 

-,  A 

2 

76.25 

I 

76.225 

A,  - 

I 

77.21 

0 

77.170 

A 

0 

81.54 

2-3 

81 .500 

A 

0 

82.27 

0 

82.260 

A? 

00 

87.65 

10 

87  645 

-,  A 

5N 

7207.715 

8 

7207.715 

I 

Taken  as  standard 

20.08 

I 

19.987 

0 

\ 

21-57 

0 

21.492 

A 

0 

j  The  wave-lengths  of  these  lines 

24.02 

2 

23-930 

3 

'       were  obtained    by    e.xtrapola- 

40.39 
89.21 

I 

/       tion  and  the  lines  7390  and 

0 

y       7412  may  be  incorrect  to  about 

93  -  50 

I 

1       0.  ^  tenth-meter 

7390.14 

2 

/ 

7412.05 

2 

/ 
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THE    ARC   SPECTRUM    OF   TITANIUM    FROM 
/  5866   TO    /  7364 

Bv  E.  J.   EVAN'S 

The  arc  spectrum  of  titanium  in  the  region  more  refrangible  than 
/  58QQ  has  already  been  very  fully  investigated  by  Hassclberg,'  but 
although  Rowland  and  Thalen  have  dealt  with  the  less  refrangible 
part  of  the  spectrum  the  list  of  lines  in  this  region  has  hitherto  been 
incomplete.  In  view  of  the  importance  of  titanium  in  connection 
with  the  spectra  of  sun-spots,  the  present  investigation  was  under- 
taken to  supply  the  missing  data,  especially  in  the  region  6800  to 
7360. 

The  light  obtained  from  an  arc  between  two  carbon  or  iron  poles, 
the  positive  of  which  had  been  charged  with  titanium  oxide,  was  first 
analyzed  by  the  Littrow  spectroscope  described  in  the  previous 
paper. ^  The  photographs  were  measured  on  the  stage-micrometer, 
and  the  wave-lengths  calculated  in  the  usual  way. 

The  iron-pole  spectra  of  titanium  gave  a  very  convenient  method 
of  obtaining  the  wave-lengths  of  the  titanium  hnes  without  taking  a 
comparison  spectrum,  as  some  of  the  iron  lines  were  photographed 
simultaneously  with  those  of  titanium,  and  there  was  no  danger  of 
relative  displacements.  The  wave-lengths  of  iron  lines  as  deter- 
mined in  the  previous  investigation  were  used  for  the  calculation  of 
the  constants  of  the  Cornu-Hartmann  formula,  from  which  the  wave- 
lengths of  the  titanium  lines  could  be  ascertained. 

The  dispersion  given  by  the  prism  in  the  extreme  red  was  com- 
paratively small,  and  therefore  the  titanium  spectrum  in  this  region 
was  also  studied  with  the  previously  described  Rowland  concave 
grating  when  it  became  available.  A  tirst-order  titanium  spectrum 
with  an  overlapping  second-order  iron  spectrum  was  photographed, 
and  the  wave-lengths  of  a  few  titanium  lines  calculated.  The  strong 
lines  were  identified  with  solar  lines  tabulated  by  Rowland,  and  the 
.solar  wave-lengths  were  adopted  in  making  the  linear  interpolations 

'  Kongl.  Svenska  Vetenskaps-Akadem.  Handl.,  Bd.  28,  No.  i  (1895). 
»  "The  Arc  Spectrum  of  Iron  from  X6855  to  X  7412,"  p.  157. 
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TABLE  OF  TITANIUM  LINES  (X  5866  to  7364) 


Wave  Length 

Int. 

Nearest 
St)lar  Line 
(Kowlonil) 

l)ri(on 
(R) 

\       Int. 

(k) 

Remarks 

5866.675 

6 

5866.675 

Ti 

3 

Uscfl  as  standard  for  Cornu- 
Hartmann  formula 

77   99 

I 

78.015 

0 

80.48 

2 

80.490 

00 

99  56 

5-6 

99.518 

Ti 

I 

5903  56 

1-2 

5903-555 

00 

18.79 

3-4 

18.773 

Ti 

0 

22.35 

i  •♦"-=' 

22.334 

Ti 

0 

38.03 

'   ^-^ 

38.035 

000 

41  97 

\       4 

41.985 

Ti 

00 

53  386 

1       5 

53.386 

Ti 

I 

Taken  as  standard  line 

66.08 

5 

66 . 05  5 

Ti,  A  ? 

2 

78.79 

5 

78 . 768 

Ti 

I 

96.11 

I 

96.164 

oooN 

99  13 

O-I 

99  "5 

0000 

99  90 

2-3 

99.920 

r/,A(VVV) 

0 

6002. Q2 

0 

6002.97 

ooooN 

Probably  a  timing  line 

18. 7S 

O-I 

18.76 

0000 

Probably  a  tluting  line 

64    853 

4 

64.853 

Ti 

00 

Taken  as  standard 

85.48 

5 

85 -47 

Ti.  Fe 

2 

91.40 

5 

91  395 

0 

93.00 

2 

93.03 

000 

98.92 

3 

.    98.87 

00 

612I .24 

2 

6121 .215 

000 

26.435 

5 

26.435 

Ti 

I 

Taken  as  standard 

38.64 

O-I 

38.725 

ooN 

46.48 

2 

46.445 

000 

50.02 

1-2 

49.95 

ooooN 

86.65 

2 

6215.630 

3-4 

6215.630 

Ti 

000 

Taken  as  standard 

20.87 

2 

21-75 

1-2 

21.552 

Fe- 

ooXd  ? 

58.60 

9 

\    58-322 
I    58-927 

Ti 

2 

6258.29  )  were  wave-lengths  de- 
6258 .96  \      terniined  by  grating 

Ti 

3 

61 .316 

6 

61.316 

Ti 

I 

Taken  as  standard 

6303.97 

3 

6303.985 

oooN 

Given  by  Hale  as  strong  Ti 
fluting  line 

12.47 

3 

12.456 

ooN 

Given  by  Hale  as  strong  Ti 
fluting  line 

18.26 

2 

18.239 

Fe 

6 

This  line  comes  out  on  carbon 
poles 

36  329 

3 

36.329 

Ti 

oooN 

Taken  as  standard 

66.59 

4 

66.564 

Ti 

000 

6497  92 

1-2 

6497.840 

A(\VV) 

ooNd? 

6505  72 

O-I 

6505.71 

ooooN 

Possibly  a  fluting  line 

08.37 

1-2 

08.380 

0000 

36.74 

O-I 

Possibly  a  fluting  line 

6546.479. 

4 

46.479 

Ti,  Fe 

6 

Taken  as  standard 

48.57 

I 

1 

54-47 

5 

54.470  1 

Ti 

0 

56-31 

5     1 

56.308 

r/,A(\VV) 

I 

65.84 

2-3     1 

65   783  i 

A? 

000 

75  39 

1-2     I 

99  353 

4 

99  353 

Ti 

00 

Taken  as  standard 

(6651.55) 

I      1 

Fluting  head.   Hale  gives  665 1 .  56 

66.82 

1-2     1 

6666.78 

oooN 
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TABLE  OF  T1T.\XILM  lA^^S— Continued 


Wave-Length 

Int. 

Xearest 

So!ar  Line 
(.Rowland) 

Origin 

(R) 

Int. 
(R) 

Remarks 

6668.04 

1-2 

Hale  666S .  02.     Spot  6668  03 

68.68 

1-2 

6668.640 

oooX 

77-48 

o-i 

6719.90 

O-I 

6719.880 

oooN 

Hale  gives  6719. 86  as  strong  Ti 
fluting  line 

43-380 

5 

43  381 

Ti 

I 

64.18 

X 

6S44  93 

I 

6844.939 

0000 

) 

50.48 

1-2 

\  Possibly  fluting  lines 

54  55 

I 

54  590 

000 

) 

61.770 

3-4 

61.770 

Tif 

000 

74-24 

2 

May  be  a  fluting  line 

6911-43 

^3 

Strongest  near  the  pole.     Ti  ? 

13  51 

2 

6913.448 

A(0) 

II 

-\ccording  to  Rowland  6913.284 
isTi/ 

26.41 

2 

26.363 

0 

33  42 

1-2 

33-469 

0000 

39-13 

3-4 

39  050 

000 

Strongest  near  the  pole.     Ti  ? 

43  96 

2 

43-904 

0000 

96.91 

2-3 

96  93 

0000 

7004.87 

1-2 

06. 9> 

o-i 

7006.915 

A 

000 

Fluting  line  ? 

0S.64 

1-2 

11.27 

2 

11.230 

A 

oooN 

36.09 

*-3 

36.129 

0000 

39  05 

4 

39  040 

0 

39  59 

I 

39  560 

A 

oN 

May  be  fluting  line 

50.92 

1-2 

50  783 

A? 

000 

(54-56) 

2 

Strong  flut.  head  \  ?^'f    ^°-'-*i^ 
^                    (  Spot    7054 .  60 

65.41 

I 

65.49 

0000 

May  be  fluting  line 

69  35 

*-3 

69 -35 

ooooN 

(87-90) 

2 

<;^^„„fl„,  ,    ^.  \Hale   70S8.00 
Strong  flut.  head -^  5p^j    ^087. 90 

(99  83) 

o-i 

99.812 

ocooN 

Fluting  line.     Hale  7099.77 

(7111.70) 

O-I 

7"!   730 

A 

oooN 

Fluting  line.     Hale  7111.73 

(25-83) 

2 

Q_ fl„,  .^^j  V  Hale    7i2>.88 

Strong  flut.  head  -  5p^^    7,25.89 

39  24 

2-3 

39  215 

000 

88.90 

O-I 

88.875 

ooooN 

Fluting  line  ? 

90.22 

-> 

90.159 

000 

7209.78 

5-6 

7209.78 

A.  - 

3 

16-53 

3 

16.482 

A 

000 

45   15 

4 

45-152 

00 

52.06 

4 

52.032 

oooN 

54   12 

O-I 

66.60 

0 

71   83 
74.12 

0 

0 

May  be  fluting  lines 

7300.05 

0 

18.78 

I 

45   12 

.; 

These  wave-lengths  above  7252 

58.15 

2 

were  obtained   by   e.vtrapola- 

7364  50 

2 

tion  and  may  be  incorrect  to 
0.2  or  0.3  of  a  tenth-meter 

ARC  SPFXTRlWf  OF  TITAXIVM  i6;, 

for  otluT  linrs.  The  wave  k-ni^l lis  as  determined  by  the  j)rism  were 
confirmed  within  about  o.i  of  a  tenth-meter.  In  the  reduction  of 
the  prismatic  spectra  in  the  extreme  red  the  Cornu-Hartmann  formula 
was  used  over  {[uitc  a  long  range  (A 6861. 77  to  7209.78),  and  it  is 
interesting  to  note  the  close  agreement  between  the  wave-lengths 
obtained  in  this  region  with  a  single  prism  and  those  obtained  with 
the  grating. 

The  titanium  spectrum  was  always  obtained  as  a  mixture  of  the 
line  and  tluted  spectrum,  and  possibly  a  few  of  the  tabulated  lines,  in 
addition  to  those  doubtful  cases  indicated,  belong  to  the  fluting 
structure. 

The  impurity  lines  identilied  on  the  plates  were  due  to  calcium, 
vanadium,  barium,  and  lithium,  and  they  have  been  eliminated  as 
far  as  possible  in  the  appended  table.  The  wave-lengths  of  the  lines 
from  5866  to  6600  have  been  chiefly  obtained  from  measurements 
of  prismatic  spectra,  while  the  wave-lengths  from  6600  onward 
have  been  derived  from  the  grating  photographs. 

I  am  indebted  to  Professor  Fowler  for  valuable  assistance  during 
the  course  of  the  investigation. 

Imperial  College  of  Science  and  Techxology 

London" 

November  1908 


THE   MERCURY   PARABOLOID   AS   A   REFLECTING 
TELESCOPE 

By  R.  W.  wood 

The  idea  of  utilizing  the  principle  that  the  free  surface  of  a  liquid, 
rotating  with  a  uniform  velocity,  assumes  the  form  of  a  paraboloid, 
in  the  construction  of  a  reflecting  telescope  is  not  new.  Mercury 
telescopes  have  been  suggested  from  time  to  time  for  the  past  half- 
century,  and  in  the  early  seventies  one  was  constructed  by  Air.  R.  C. 
Carrington,  on  Frensham  common.  So  far  as  I  know,  however,  no 
serious  attempt  has  ever  been  made  to  devise  a  method  of  rotating 
the  fluid  without,  at  the  same  time,  communicating  jars  to  it.  The 
scheme  has  always  been  regarded  as  a  joke  by  astronomers,  which  is 
not  surprising  when  one  considers  the  perfection  required  of  an  optical 
surface  and  the  ease  with  which  ripples  are  set  up  on  a  free  surface  of 
mercury. 

The  idea  of  using  a  rotating  magnetic  field  to  communicate  motion 
to  the  circular  basin  of  mercury  occurred  to  me  last  summer,  and 
becoming  interested  in  the  problem,  more  as  a  mechanical  puzzle 
than  anything  else,  I  determined  to  ascertain  if  possible  whether,  after 
all,  the  difliculties  were  insurmountable.  A  small  instrument  seven 
inches  in  diameter  was  constructed  and  arranged  to  be  driven  by  a 
revolving  ring  of  small  magnets,  which  pulled  a  concentric  ring  of 
magnets  fastened  to  the  dish  around  with  it.  The  rotor,  as  we  may 
term  the  outer  ring,  was  mounted  on  a  support  which  was  completely 
insulated  from  the  mercury  basin,  and  the  jars  which  it  received  from 
the  motor  along  the  driving  belt  were  in  this  way  prevented  from 
reaching  the  liquid.  It  was  of  course  found  impossible  to  learn  much 
about  the  instrument  in  the  city,  but  I  convinced  myself  that  the 
ripples  on  the  surface  were  no  worse  when  the  basin  was  revolving 
than  when  it  was  at  rest. 

On  removing  to  East  Hampton,  L.  I.,  for  the  summer,  where  I  have 
fitted  u])  a  small  laboratory,  the  e.\])eriments  were  commenced  in 
earnest.     The  mirror  was  mounted  ujjon  a  small  brick  ])ier  and  sur- 
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rounded  by  an  cmi)ly  Inirril  to  protect  it  from  air  lurrt-nts.  It 
worked  so  much  better  than  1  had  expected,  in  si)ite  of  its  poor 
workmanship,  that  I  at  once  determined  to  have  a  larger  instrument 
constructed  of  the  I'inest  workmanshij)  possible.  A  week  or  two  was 
spent  in  experimenting  with  the  small  model,  in  order  to  learn  as  much 
as  possible  about  its  peculiarities  and  the  sources  of  trouble,  after 
which  drawings  for  a  20-inch  instrument  were  prepared  and  sub- 
mitted to  Messrs.  Warner  and  Swascy  of  Cleveland.  Mr.  Warner 
very  kindly  gave  his  personal  attention  to  the  matter,  modified  the 
drawings,  introducing  some  new  features,  and  had  the  work  com- 
menced at  once.  The  7-inch  instrument  was  made  from  an  old  cast- 
ing which  1  found  in  the  junk  heap  of  the  laboratory.  It  was  in  the 
form  of  a  circular  disk  surmounting  a  short  cylindrical  pillar.  The 
disk  was  turned  out  into  a  shallow  flat-bottomed  basin,  and  the  pillar 
bored  out  with  a  hole  about  i  cm  in  diameter,  conical  at  the  end.  The 
whole  was  supported  on  a  steel  cylinder,  turned  to  a  cone  at  the  top, 
with  a  bearing  surface  about  5  mm  wide  at  the  bottom,  the  construc- 
tion adopted  in  the  "turn-tables"  made  for  finishing  microscope 
slides.  It  was  found  with  this  instrument  that  there  were  four  distinct 
sources  of  ripples: 

a)  Jars  from  the  driving  mechanism,  i.  e.,  motor,  speed-pulleys, 
etc.  These  were  ehminated  by  the  magnetic  clutch  previously 
described. 

b)  Jars  due  to  the  grinding-together  of  the  bearing  surfaces  of 
the  mercury  basin  itself.  These  were  always  present  in  the  first 
instrument  as  the  surfaces  were  not  polished.  It  was  hoped  that 
better  workmanship  would  eliminate  them,  as  was  found  to  be 
the  case. 

c)  Imperfect  leveling  of  the  instrument,  which  sets  up  a  sort  of 
tidal  wave;  easily  overcome  provided  the  axis  of  rotation  is  accurately 
perpendicular  to  the  flat  bottom  of  the  dish. 

d)  Variations  in  the  velocity  of  rotation,  which  give  rise  to  very 
troublesome  waves.  Of  these  I  shall  speak  more  at  length  presently. 
Mr.  Warner  suggested  the  use  of  two  slightly  tapering  conical  surfaces 
for  the  cylindrical  base  of  the  dish  and  the  supporting  pillar,  with  a 
central  shaft  of  steel,  by  the  elevation  of  which  the  dish  could  be  lifted 
a  trifle  from  the  conical  supports. 
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The  construction  will  be  readily  understood  by  reference  to  Fig.  i. 
A  plug  of  hardened  steel  A  was  inserted  in  the  iron  basin,  which  was 
screwed  to  the  top  of  the  conical  pillar  K.  This  plug  rested  upon  a 
second  yjlug  of  hardened  steel  B,  which  could  be  raised  or  lowered  by 
means  of  the  screw  C,  turned  by  means  of  the  nut  D.  The  bearing 
surfaces,  indicated  by  the  arrow  E,  were  ground  flat  and  accurately 
perpendicular  to  the  axis  of  rotation.     The  weight  of  the  basin  was 


Fig.  I 


carried  by  the  steel  plug,  but  there  were  in  addition  two  conical  bear- 
ings (dotted  in  the  diagram)  which  kept  the  instrument  level  during 
rotation.  By  lowering  the  screw  C  the  weight  of  the  basin  could  be 
thrown  wholly  upon  the  conical  bearings.  In  this  position  it  could 
be  turned  only  with  some  difficulty,  owing  to  the  increased  friction. 
The  best  position  was  secured  by  raising  the  screw  by  an  amount  just 
sufficient  to  abolish  this  friction.  The  driving  mechanism  or  rotor 
consisted  of  a  large  wooden  pulley  F,  mounted  on  ball  bearings, 
carried  on  a  tripod  //,  which  was  supported  independently  of  the 
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rotatinj];  basin.  The  original  plan  was  to  apply  llu-  jtowc-r  of  the  rotor 
to  the  dish  l)v  means  of  a  system  of  magnets,  hut  it  was  found  that 
tme  elastic  threads  of  rubber  answered  etpially  well.  These  were 
fastened  to  the  brackets  (7,  six  in  number,  and  atla(  hed  to  the  rim  of 
the  basin.  Thev  ai)plied  their  force  tangentially,  and  did  not  aj)pear 
to  transmit  the  jars  of  the  rotor  to  the  heavy  iron  basin.  A  photograph 
of  the  instrument,  the  driving  pulleys,  and  the  motor  is  shown  in 
Fig.  2. 

Preliminary  exj)eriments  were  made  with  the  instrument  mounted 
on  a  brick  pier  in  the  laboratory  before  its  installation  at  the  bottom 
of  the  cement  pit.  Ripples  were  always  jjresent  here,  as  it  was  impos- 
sible to  secure  the  complete  insulation  of  the  rotor,  and  the  jars  from 
the  motor  were  transmitted  to  the  pier  through  the  floor.  A  good  deal 
was  learned,,  however,  about  the  adjustments  of  the  instrument  in 
spite  of  the  unfavorable  conditions.  Accurate  leveling  is  of  the 
greatest  importance.  The  dish  was  first  leveled  by  means  of  a  spirit 
level,  the  final  adjustments  being  made  optically. 

A  Nernst  lam4J,  with  its  filament  vertical,  was  mounted  on  the  ceiling 
of  the  laboratory,  at  a  height  of  about  1 2  feet  above  the  mercury  surface. 
.■\t  a  speed  of  rotation  of  about  one  turn  in  3 .  5  seconds  the  image  was 
formed  at  a  point  where  it  could  be  reached  easily  and  examined  by 
standing  on  a  ladder.  If  a  sheet  of  paper  was  held  a  few  inches  below 
the  focal  point,  the  circular  ripples  were  clearly  visible.  The  bright 
center  of  the  ripple  system  did  not,  however,  coincide  with  the  center 
of  the  convergent  cone  of  rays.  By  turning  the  leveling  screws  it  could, 
however,  be  brought  accurately  to  the  center  which  gives  us  a  first 
approximation  to  the  true  level  desired.  The  ripples  became  much 
less  conspicuous  as  soon  as  this  operation  was  performed,  and  it  was 
speedily  discovered  that  they  were  in  large  part  due  to  a  sort  of  tidal 
wave  resulting  from  imperfect  levehng.  If  the  basin  is  not  level  the 
depth  of  the  mercury  is  slightly  greater  on  the  lower  side  of  the  basin. 
This  point  of  maximum  depth  is  carried  around  to  the  high  side  by 
the  rotation  of  the  dish,  and  the  mercury  seeks  to  establish  its  level 
again.  If  the  eye  is  placed  in  the  focus  a  curious  sort  of  spiral  eddy 
is  seen,  which  is  caused  by  this  continual  readjustment  of  level.  With 
the  instrument  in  ap])roximatc  adjustment,  the  surface  appears  per- 
fectly smooth  and  free  from  ripples  except  under  especially  favorable 
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illumination.  The  appearance  of  the  extra-focal  image  as  the  level 
is  improved  is  shown  in  Fig.  3  (upper  row).  These  pictures  were 
made  by  inclosing  a  plate  in  a  holder  provided  with  a  shutter  giving 
an  exposure  of  about  j\  second.  In  the  lower  row  we  have  images 
obtained  under  the  same  conditions  with  the  plate  almost  at  the  focal 
point.  A  star  seen  under  these  conditions  shows  a  very  marked  coma, 
which  can  be  abolished  by  turning  the  leveling  screws  a  proper  amount. 
When  the  mirror  is  accurately  level,  if  the  image  is  received  on  a 
piece  of  paper,  and  one  of  the  leveling  screws  turned  a  trifle,  the  image 
moves  slightly  to  one  side,  just  as  it  would  do  if  we  tilted  slightly  a  solid 
mirror.  The  image  develops  a  coma,  of  course,  but  it  is  interesting 
that  an  actual  displacement  of  the  point  of  light  can  be  obtained  in 
this  way,  a  circumstance  which  one  would  hardly  have  anticipated. 

Some  experiments  have  been  made  with  two  concentric  dishes,  the 
inner  floating  on  the  liquid  contained  in  the  outer.  This  expedient 
does  not  appear  to  lessen  the  effect  of  jars  coming  from  the  ground 
though  it  improves  matters  in  some  other  respects.  In  the  end  it  may 
be  found  necessary,  though  there  are  certain  difficulties  attending 
its  use. 

One  thing  which  struck  me  as  especially  interesting  was  the  slow- 
ness with  which  the  velocity  of  the  dish  was  communicated  to  the 
fluid.  The  mercury  picks  up  its  velocity  first  at  the  rim,  a  circular 
zone  of  constant  velocity  and  focus  crawling  in  gradually  from  the 
edge  toward  the  center.  If  the  eye  is  placed  above  the  center  of  the 
dish  a  little  above  a  focus,  one  sees  a  narrow  ring  of  hght  of  dazzhng 
intensity  converge  gradually  from  the  rim  toward  the  center.  It 
required  over  two  minutes  for  all  parts  of  the  fluid  mass  to  acquire 
a  constant  angular  velocity. 

The  appearance  of  the  room  as  viewed  in  the  mirror  while  it  is  get- 
ting up  speed  is  very  striking.  The  rafters  of  the  roof  recede  to  an 
enormous  height  and  the  whole  room  appears  to  expand  in  a  most 
remarkable  manner.  The  appearance  of  the  mercury  surface  in 
rotation,  and  its  freedom  from  ripples  are  show^n  in  Fig.  4.  The  dis- 
tortion of  the  reflected  image  is  of  course  due  to  the  astigmatism 
which  results  from  oblicjue  incidence. 

I  have  had  the  mirror  operating  with  a  focal  length  of  less  than 
three  feet,  at  a  velocity  of  one  turn  in  three  seconds,  i.  e.,  with  a  ratio 
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of  focus  to  ai)crturc  of  1  .  7.  'I'lic  dish  was  nol  deep  enough  to  make 
a  higher  velocity  possible,  hut  1  have  had  smaller  mirrors  running 
with  a  focal  length  of  less  than  one-fourth  of  the  aperture.  These  very 
deep  paraboloids  might  prove  useful  where  a  great  concentration  of 
energy  was  desirable,  as  in  bolometric  determinations  of  the  heat  of 
the  stars  or  the  sun. 

After  completing  the  preliminary  experiments  in  the  laboratory 
preparations  were  made  for  mounting  the  instrument  below  ground. 
An  old  well-house  adjoining  the  barn  was  transformed  into  anobserva- 
tory,  a  new  tloor  being  laid  and  a  large  scuttle  cut  in  the  roof.  The 
brick  well,  which  was  no  longer  used,  was  filled  up  with  large  granite 
blocks  and  rorlland  cement,  to  a  height  of  about  two  feet  above  the 
water  level,  after  which  it  was  lined  with  cement,  forming  a  water- 
tight pit  about  14  feet  deep  and  30  inches  in  diameter.  The  granite 
and  cement  bottom  formed  a  very  solid  foundation  for  the  mirror  to 
stand  upon.  A  second  pit  was  sunk  about  six  feet  from  the  well, 
just  outside  of  the  well-house,  and  the  two  put  in  communication  by 
means  of  a  tunnel  at  the  bottom.  It  was  the  original  plan  to  drive 
the  mirror  by  means  of  a  pulley-belt  running  down  the  side  of  the 
cement  pit,  but  as  it  was  found  that  it  w^as  necessary  to  make  very 
precise  adjustments  while  the  mirror  was  running,  the  second  shaft 
became  necessary.  The  mirror  was  mounted  upon  three  blocks  of 
cast  iron  which  rested  on  the  cement  floor,  and  the  driving  mechanism 
or  rotor  was  carried  upon  a  wooden  F-beam  which  passed  under  the 
floor  of  the  tunnel  and  was  securely  anchored  to  brick  piers  in  the 
second  pit.  The  electric  motor,  driven  by  a  no- volt  alternating 
current,  and  the  speed-pulleys  were  mounted  in  the  second  pit,  the 
belt  passing  under  the  floor  just  above  the  F-beam  and  around  the 
wooden  pulley  of  the  rotor.  The  tunnel  was  lighted  by  an  electric 
lamp. 

The  general  arrangement  of  the  apparatus  is  shown  in  Fig.  5. 
It  will  be  seen  from  the  diagram  that  the  slight  jars  from  the  rotor  can 
reach  the  revolving  mirror  only  by  passing  back  to  the  second  pit 
along  the  F-beam,  thence  through  the  brick  piers  and  back  through 
seven  or  eight  feet  of  sand  to  the  massive  granite  foundation.  It  is 
needless  to  say  that  they  were  quite  imperceptible  at  the  end  of  their 
journey.    Within  the  well-house,  and  close  to  the  mouth  of  the  pit 
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a  vertical  wooden  cylinder  was  mounted  with  a  horizontal  arm  carry- 
ing a  plate-holder.  A  photograjjhic  plate  could,  by  means  of  this 
simple  device,  be  held  fixed  in  any  i)Osition  above  the  ])it,  for  making 
star  trails.  Visual  observations  were  made  by  standing  at  the  mouth 
of  the  i)it,  or  uj)()n  the  roof  of  the  house,  according  to  the  focal  length 
used,  and  holding  an  eyepiece  in  the  hand. 

It  was  first  necessary  to  determine  to  what  extent  vibrations,  other 
than  those  caused  by  the  motion  of  the  mirror,  affected  the  mercury 
surface.  A  five-inch  refractor,  with  an  excellent  objective  figured  by 
Clark,  was  mounted  at  the  side  of  the  pit,  and  directed  downward 
at  the  mercury  surface.  The  star  images  were  perfectly  sharp,  even 
when  the  motor  was  driving  the  rotor,  showing  that  no  trouble  was  to 
be  anticipated  from  tremors  running  back  along  the  I'-beam.  The 
approach  of  a  horse  and  carriage  could  be  detected,  however,  when  it 
was  an  eighth  of  a  mile  away,  and  the  footsteps  of  a  person  running 
across  the  lawn  fifty  yards  from  the  telescope  house  caused  a  percep- 
tible vibration  of  the  image.  Occasional  disturbances  were  noticed 
due  to  live  stock  in  the  barn,  and  after  even,'  storm,  vibrations  were 
found  resulting  from  the  pounding  of  the  surf  on  the  beach  a  quarter  of 
a  mile  distant. 

At  the  time  when  the  experiments  were  commenced  the  Milky 
Way  was  in  the  zenith  at  nine  o'clock,  and  its  appearance  when  I 
observed  it  from  the  roof  of  the  house  the  first  time  the  motor  was 
started  amply  repaid  me  for  all  my  trouble.  No  eyepiece  was  used, 
the  star  images  appearing  in  space  about  three  feet  above  the  mouth 
of  the  pit.  They  appeared  perfectly  sharp  and  quite  steady,  since  the 
cone  of  light  entering  the  pupil  of  the  eye  under  these  conditions  comes 
from  but  a  small  part  of  the  mirror's  surface.  On  examining  the 
images  with  the  eyepiece  it  was  at  once  seen  that  the  focus  changed 
periodically  through  a  range  of  perhaps  an  inch  and  a  half.  On 
viewing  the  images  in  space  with  both  eyes  they  were  seen  to  be  rising 
and  falling  rhythmically,  dancing  up  and  dowm  like  will-o'-the-wisps. 
There  were  moments  when  they  were  quite  sharp  in  the  eyepiece, 
but  even-  then  they  were  not  quite  stationary,  moving  about  in  a  sort 
of  Lissajou  figure,  perhaps  a  miUimeter  in  diameter.  The  nature 
of  the  disturbance  on  the  mercury  surface  could  be  detected  by  pla- 
cing the  pupil  of  the  eye  in  coincidence  with  the  star  image.     The 
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whole  surface  of  the  mirror  was  then  seen  filled  with  a  blaze  of  light 
and  the  ripples  were  plainly  visible.  It  was  at  once  apparent  that 
they  were  not  "jar"  ripples,  for  these  always  appear  as  narrow  con- 
centric circles  surrounding  the  center  of  the  mirror.  They  often 
appear  nearly  stationar\^  owing  to  interference.  The  ripples  which 
were  causing  the  trouble  appeared  to  start  at  definite  points  on  the 
rim  and  spread  out  across  the  surface,  i.e.,  their  centers  were  on  the 
rim  and  not  at  center  of  the  basin.  After  a  good  deal  of  experiment- 
ing it  was  finally  found  that  these  ripples  were  due  to  slight  periodic 
variations  in  the  velocity,  which  caused  a  "slip"  between  the  mercury 
and  the  iron  rim  of  the  basin.  At  points  where  there  was  any 
roughness,  or  where  grains  of  sand  happened  to  lie,  the  ripples 
started  out. 

The  periodic  change  of  focus  was  also  found  to  be  due  to  the 
variation  of  the  velocity,  which  occurred  once  in  every  revolution  of 
the  dish.  This  change  in  the  velocity  is  ver}'  small,  and  it  is  not  com- 
municated to  the  fluid,  for,  as  we  have  seen,  two  minutes  are  required 
for  the  establishment  of  the  steady  state,  starting  from  rest.  When  the 
reduction  in  speed  occurs,  though  it  lasts  but  a  fraction  of  a  second, 
the  Hquid  at  the  rim  falls  a  trifle,  rising  at  the  center.  The  propaga- 
tion of  the  change  of  cun-ature  from  the  rim  to  the  center  is  almost 
instantaneous,  and  not  at  all  hke  the  slow  crawling-in  of  the  zone  of 
constant  curvature  seen  when  starting  the  dish.  This  trouble  can 
probably  be  overcome  to  a  great  extent,  if  not  completely,  by  making 
one  or  two  changes  in  the  construction  of  the  instrument.  Its  pres- 
ence was  detected  by  fastening  a  small  square  of  paper  to  the  rim  of 
the  basin,  and  another  immediately  opposite  it  on  one  of  the  supports 
to  which  the  rubber  bands  were  fastened.  If  the  dish  turned  at  the 
same  velocity  as  the  rotor,  the  two  pieces  of  paper  should  remain  in 
juxtaposition:  it  was  found,  however,  that  once  in  every  revolution, 
the  piece  of  paper  on  the  basin  first  lagged  behind,  and  then  gained 
upon,  the  one  fastened  to  the  rotor.  A  little  further  experimenting 
showed  that  this  variation  was  due  to  the  fact  that  the  friction  was  a 
little  greater  at  this  point,  that  is,  the  force  necessary  to  start  the 
basin  varied  with  the  position  of  the  dish.  When  the  dish,  in  its 
revolution,  reached  the  position  of  maximum  friction,  it  lagged  a 
little  behind  the  rotor,  the  rubber  threads  stretching  a  trifle.   As  soon 
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as  the  point  was  passed  and  the  friction  (Hminishcd,  tin-  increased 
tension  on  the  threads  caused  a  slight  acceleration,  tlie  basin  catching 
up  with,  and  even  running  a  httle  ahead  of,  the  rotor.  The  actual  slip 
between  the  rotor  and  the  basin  only  amounted  to  about  a  centimeter, 
but  this  was  quite  sufficient  to  account  for  all  of  the  disturbances,  as 
was  shown  by  intentionally  varying  the  velocity  by  small  amounts. 
This  trouble  was  not  found  with  the  small  model  first  constructed, 
which  si)un  on  a  [)oint  instead  of  a  flat  surface.  The  friction  is  much 
greater  in  the  latter  case,  owing  to  the  increased  length  of  the  "lever- 
arm"  of  the  moving  surface  elements  which  rulj  together.  I  am  at 
the  present  time  taking  graphs  of  the  periodic  variations  in  the  velocity 
by  means  of  a  pen  carried  by  the  rotor,  and  a  small  improvised  chrono- 
graph carried  by  the  basin.  These  furnish  a  good  deal  of  information 
about  the  etTects  of  raising  or  lowering  the  dish,  slackening  the  driving 
belts,  etc.  Much  better  results  have  been  obtained  by  introducing  a 
small  steel  ball  between  the  two  bearing  surfaces.  I  am  of  the  opinion 
that  a  conical  point  is  the  best  form  of  support,  and  as  soon  as  the 
chronograph  experiments  are  finished,  alterations  in  the  construction 
will  be  commenced. 

A  number  of  star  trails  were  made  with  the  mirror  running 
with  a  15-foot  focus.  One  of  these  (7  Cygni)  is  reproduced  in 
Fig.  3  (lower  figure) .  We  obtain  a  dotted  line  of  bright  points,  owing 
to  the  periodic  change  in  the  focus.  The  points  are  fairly  small, 
in  fact  not  so  very  much  larger  than  their  theoretical  size,  and 
when  we  consider  that  they  were  formed  by  light-rays  concentrated 
by  a  rotating  mercury  surface  20  inches  in  diameter,  at  a  distance 
of  15  feet  from  the  photographic  plate,  they  appear  to  me  to  be 
surprisingly  good.  I  feel  very  confident  that  the  velocity  variations 
can  be  abolished.  It  may  be  necessary  in  the  end  to  use  a  motor, 
the  speed  of  which  is  controlled  by  a  clock,  the  plan  so  successfully 
worked  out  by  Mr.  Gerrish  of  the  Harvard  Observaton,'. 

I  had  no  trouble  in  separating  double  stars  5"  or  6"  apart,  and 
once  I  felt  pretty  sure  that  I  had  momentary  glimpses  of  the  resolution 
of  both  6'  and  e^  Lyrae. 

The  great  nebula  of  Andromeda  and  the  large  cluster  in  Hercules 
both  cross  the  zenith  at  East  Hampton,  and  will  furnish  interesting 
objects  next  summer  when  the  experiments  are  taken  up  again.     I 
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have  already  had  some  splendid  views  of  the  nebula,  which  appeared 
almost  as  satisfactory  as  in  a  large  refracting  telescope. 

I  have  not  as  yet  con\'inced  myself  that  the  mercury  telescope  will 
be  of  use  in  astronomical  observations,  even  if  it  is  possible  to  bring 
it  to  a  high  degree  of  perfection.  Its  great  disadvantage  lies  in  the 
fact  that  its  observations  are  confined  to  a  narrow  region  surrounding 
the  zenith.  On  the  other  hand,  it  has  the  great  advantage  of  a  focus 
which  may  ])e  made  to  vary  over  as  wide  a  range  as  we  please,  and 
its  cost  is  very  small.  The  20-inch  instrument,  with  its  motor, 
cement  pit,  entrance  shaft,  tunnel,  etc.,  cost  only  $200,  not  including 
the  mercury.  In  the  case  of  small  instruments,  not  over  three  feet  in 
diameter,  it  may  be  feasible  to  use  an  auxihary  plane  mirror  driven 
by  clock  work  or  by  hand,  for  reflecting  the  light  from  any  part  of  the 
sky  to  the  bottom  of  the  pit.  An  instrument  of  large  size  could  in  this 
way  be  placed  within  the  means  of  an)  amateur  observer,  and  valuable 
data  might  be  secured.  Whether  a  gigantic  reflector  mounted  in  a 
suitable  latitude  would  enable  us  to  see  more  of  planetary  detail,  I 
do  not  feel  prepared  to  say.  We  could  in  this  way  combine  great 
focal  length  and  immense  light-gathering  power,  but  we  should  still 
have  the  atmospheric  disturbances  to  contend  with. 

As  I  stated  at  the  beginning  of  the  paper,  the  work  was  under- 
taken ])urely  as  a  diversion  for  the  summer  months,  and  if  further 
experimenting  shows  us  that  a  })erfect  reflector  can  eventually  be 
obtained  in  this  way,  it  will  then  be  time  enough  to  consider  whether 
it  is  worth  while  to  attempt  the  construction  of  a  much  larger  instru- 
ment. Then,  too,  we  may  be  able  to  discover  some  substance  which 
can  be  fused,  rotated,  and  allowed  to  solidify  while  revolving  with  a 
constant  velocity.  Refiguring  of  the  surface  would  very  probably  be 
found  necessary. 

DAMPING   OF  THE   RIPPLES 

In  the  case  of  a  partially  viscous  substance,  there  would  be 
much  less  trouble  from  ripples.  Last  summer  I  made  a  fairly  good 
mirror  of  gelatine,  and  I  am  at  ])resent  looking  about  for  a  more 
permanent  medium.  I  shall  be  very  glad  to  recei\e  any  suggestions 
about  easily  fusible  media  which  will  solidify  with  an  optical  surface. 
The  cost  of  the  experiments  was  defrayed  by  a  grant  of  $200  from 
the  Elizabeth  Thomson  fund. 
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While  it  lia>  seemed  be>l  to  brinj;  tlie  instrument  to  the  highest 
degree  of  perfection  before  attempting  to  devise  methods  of  destroy- 
ing any  residual  ripples,  some  experiments  have  already  been  made 
in  this  direction.  Two  methods  suggest  themselves.  We  may  use 
a  copper  vessel,  turned  to  an  api)ro.\imate  i)aral)()l()i(l,  and  use  a 
thin  lilm  of  mercury  (as  in  the  case  of  the  artilKial  horizon).  The 
rotation  would  then  have  the  etTect  of  figuring  the  >urface,  the  thin- 
ness of  the  mercury  layer  preventing  the  {propagation  of  ripples. 
This  method  has  not  yet  been  tried,  as  the  objections  to  it  are  obvious. 

The  ripples  can  be  damped  to  an  appreciable  degree  by  covering 
the  mercury  surface  with  a  thin  layer  of  water,  which  assumes  the 
same  curvature  as  the  mercury.  Glycerin  dami)s  them  comj)letely 
if  they  are  not  of  too  great  amplitude  to  start  with.  Even  if  they  are 
of  large  magnitude,  the  effect  of  the  glycerin  is  surprising.  With 
my  seven-inch  mirror,  mounted  on  a  table  which  was  jarred  to  such 
an  extent  by  the  machinery  in  the  room  below  that  the  vibrations 
could  be  felt  with  the  hand,  I  have  obtained  almost  as  good  definition 
as  at  East  Hampton  with  ever}'  precaution  taken  to  avoid  jars.  The 
action  of  the  glycerin  is  well  illustrated  by  Figs.  6  and  7,  which  are 
photographs  of  the  filament  of  an  incandescent  lamp  taken 
with  the  mirror.  The  mirror  was  running  at  such  a  speed  that  the 
image  was  formed  about  a  meter  above  the  surface.  The  belt  from 
the  motor  drove  the  dish  directly,  no  rotor  being  used,  and  the  jars 
from  the  city  tratlic  and  machinery  were  so  great  that  the  ripples 
could  be  seen  even  in  the  most  unfavorable  illumination.  Fig.  6  was 
taken  without.  Fig.  7  with,  the  glycerin  cover. 

Two  small  dishes  of  mcrcun,'  were  then  placed  on  the  floor,  which 
was  violently  shaken  by  shafting  attached  to  the  floor  beams  in  the 
shop  below.  The  jarring  was  so  great  as  to  be  unpleasant.  The 
mercury  in  one  dish  was  covered  with  glycerin  to  a  depth  of  about 
4  mm.  The  light  from  an  arc  lamp  was  then  reflected  from  the  two 
dishes  directly  to  a  photographic  plate,  exposed  behind  a  "  focal-plane  " 
shutter.  -The  mercury  waves  can  scarcely  be  seen  in  the  image 
(Fig.  8)  obtained  from  the  glycerin-covered  surface,  while  the  other 
image  (Fig.  9)  speaks  for  itself. 

It  seems  quite  possible  that  the  glycerin  cover  may  prove  useful 
in  making  artificial  horizons.     Inasmuch  as  mv  twcntv-inch  mirror 
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now  runs  with  so  little  error  and  with  such  insignificant  ripples  that  the 
maximum  deviations  from  perfect  focus  amount  only  to  a  millimeter 
or  less  (and  this  with  a  5  meter  focal  length),  I  feel  very  confident 
that  the  glycerin  cover  will  make  the  image  practically  perfect.  So 
far  as  I  can  see  now,  the  glycerin  cover  will  introduce  no  disturbances, 
provided  its  temperature  can  be  kept  constant.  Even  with  a  variable 
temperature,  the  surfaces  of  equal  refractive  index  would  be  parallel 
to  the  paraboloid,  and  would  probably  not  give  trouble.  Stirring 
the  fluid  would  of  course  produce  striae,  if  its  temperature  varied, 
but  stirring  only  occurs  when  starting  and  stopping  the  mirror. 
Things  would  probably  come  to  a  steady  state  in  ten  or  fifteen  minutes. 
I  am  now  making  experiments  to  see  whether  solid  mirrors  can  be 
produced  by  the  centrifugal  method.  \' arious  methods  have  occurred 
to  me.  We  may  be  able  to  take  a  cast  of  the  mercur\'  surface  by 
pouring  a  hot  viscous  liquid  over  it,  which  will  solidify  on  cooling. 
I  have  already  obtained  in  this  manner  pretty  good  convex  paraboloids 
of  resin.  These  casts  could  be  electrotyped  and  silvered.  If  a  suit- 
able material  can  be  found,  and  the  electrotypes  do  not  warp,  I  see  no 
reason  why  large  mirrors  cannot  be  made  in  this  way  at  very  small 
expense.    At  all  events  the  method  seems  well  worth  trying. 

Johns  Hopkins  U^^vERSITY 
December  1908 
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By  E.  E.  brooks 

In  a  recent  paper'  certain  modifications  of  the  magnesium  spec- 
trum obtained  by  usinij;  alternating  currents  in  a  jjartial  vacuum  were 
described.  It  is  now  proposed  to  give  a  brief  account  of  the  phenom- 
ena observed  with  direct  currents,  which  enabled  the  spectrum  and 
appearance  of  each  electrode  to  be  studied  separately.  For  this 
purpose  the  current  from  a  2000-volt  transformer  was  rectified  by 
means  of  a  battery  of  48  lead-aluminum  cells  arranged  in  four  groups 
in  order  to  make  use  of  each  half-period.  In  this  way  a  unidirec- 
tional but  pulsating  discharge  was  obtained  intermediate  in  properties 
between  the  spark  and  the  arc. 

The  electrodes  were  always  clean  magnesium  rods  rather  less  than 
|-  inch  (6  mm)  in  diameter,  inclosed  in  glass  tubes  except  for  ^  inch  at 
the  end.  The  distance  between  them  was  from  ^  to  ^  inch,  and  the 
working  pressure,  unless  otherwise,  stated,  from  2  to  3  centimeters 
of  mercury.  The  gases  used  were  air,  hydrogen,  nitrogen,  oxygen, 
and  water  vapor,  and  the  primary  object  of  the  research  was  to  inves- 
tigate the  mode  of  occurrence  of  the  "hydride"  spectmm. 

Two  distinct  and  well-defined  types  of  cathode  discharge  can  be 
recognized.  In  one  the  well-known  cathode  glow  outside  the  Crookes 
dark  space  is  the  most  marked  feature.  In  the  other  type  this  glow 
is  absent  and  in  its  place  several  isolated  point  discharges  flicker  about 
on  the  surface  of  the  othenvise  dark  electrode.     The  two  forms  may 

'  Proc.  R.  S.,  80,  21S,  1908. 

'77 


i;^  E.  E.  BROOKS 

occur  indcjiendently  or  together,  but  the  second  is  the  most  persistent 
and  the  most  readilv  obtained  and  there  is  often  some  dit'ticulty  in 
ehminating  it  when  only  the  first  is  wanted. 

The  cathode  glow,  although  so  conspicuous  in  \acuum  tubes,  is 
by  no  means  so  prominent  under  the  present  conditions,  and  the  only 
gas  in  which  it  is  well  developed  is  hydrogen.  Again,  in  hydrogen 
there  is  a  definite  sequence  of  phenomena  observed  in  no  other  gas. 
The  cathode  glow,  which  at  first  gives  only  a  hydrogen  spectrum, 
becomes  gradually  permeated  by  magnesium  ions  derived  from  the 
cathode  until  the  hydrogen  spectrum  disappears  (excepting  a  trace 
of  the  C  and  F  lines),  and  only  that  of  the  metal  remains.  Then  an 
unstable  state  is  reached  and  the  discharge  suddenly  brightens  up 
with  a  copious  emission  of  metallic  fumes.  In  the  former  paper  this 
was  said  to  occur  at  the  fusing  point  of  the  electrode.  This  is  not 
necessarily  the  case;  the  electrode  may  fuse  or  it  may  waste  away 
to  a  thin  shred  without  losing  its  stiffness. 

The  first  type  of  cathode  discharge  has  two  prominent  character- 
istics: (i)  Whenever  it  appears,  and  whatever  the  gas,  the  cathode 
gets  hot;  (2)  the  com])licated  band  spectrum  attributed  to  magnesium 
hydride  is  completely  absent,  in  spite  of  the  surrounding  atmosphere 
of  hydrogen.  It  gives  an  ideal  sharp-line  spectrum,  and  this  sim- 
plicity of  structure  is  not  merely  a  special  property  of  magnesium; 
calcium,  which  also  has  a  band  spectrum,  exhibits  the  same  peculiarity, 
and  there  is  a  strong  probability  that  a  general  law  is  involved. 

A  portion  of  the  cathode-glow  spectrum  in  dry  hydrogen  is  shown 
in  Fig.  ID,  containing  also  sodium  lines  derived  from  the  glass  tubes. 

The  second  type  of  cathode  discharge  (which  will  be  termed  for 
convenience  the  "jet"  discharge)  occurs  in  all  gases,  and  several 
sub-varieties  can  be  recognized  by  appearance  and  spectrum.  Some 
of  these  de])end  on  the  emission  of  occluded  gas,  but  this  does  not 
ajjjK-ar  to  be  an  essential  factor.  Two  characteristic  features  are 
again  aj)parent:  (i)  the  coolness  of  the  cathode;  (2)  the  great  inten- 
sity of  the  "hydride"  bands  in  the  spectrum  of  the  jets,  if  only  the 
merest  trace  of  hydrogen  or  water  va])or  be  i)resent.  These  facts 
also  hold  good  for  calcium. 

The  sequence  of  changes  mentioned  above  as  taking  place  in  the 
cathode  glow  in  hydrogen  cannot  be  obtained  with  certainly  unless 
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phosphoric  anhydridr  is  ]»r(.Mnt  in  ihc  discharge  vessel,  and  even 
then  the  heating  of  the  ghl^s  tubes  covering  the  electrodes  is  exceed- 
ingly likely  to  drive  otT  decomposition  i)roducts  which  at  once  bring 
al)oui  llu'  seiond  or  "jet"  >t;iti'.  Ib^nce  success  in  obtaining  the- 
cathode-glow  phenomena  alone  is  a  matter  of  some  dilViculty.  The 
erujjtive  jets  may  be  only  feebly  i)resent,  or  they  may  entirely  rejilacc 
the  glow,  and  they  are  certain  to  api)ear  unless  the  gas  is  well  dried. 

In  h\(h"ogt.'n  ihe  "hydride"  spectrum  was  often  found  to  be  present 
at  the  anode.  e\en  when  the  cathode  glow  was  without  a  trace  of  it,  and 
as  in  other  gases  it  also  ai)])eared  at  the  anode  when  j)resent  in  small 
quantity  the  conviction  gradually  arose  that  it  was  naturally  an  anodt- 
spectrum  and  that  it  never  occurred  at  the  cathode  except  in  the 
spectrum  of  the  jets.  The  jiresence  of  phosphoric  anhydride  always 
weakened  it  considerably,  but  in  this  gas  never  comi)letely  eliminated 
it  when  the  reclitled  current  was  used.  The  anode  itself  is  little 
attacked  at  first,  but  it  becomes  more  conspicuous  the  longer  the  run 
and  may  itself  supply  ions,  occasionally  but  very  seldom  fusing.  In 
some  ex])eriments  on  the  action  of  a  magnetic  field,  the  anode  was 
frequently  found  to  have  received  a  deposit  of  metal  in  one  j)lace  and 
to  have  been  eaten  away  in  another. 

.\s  no  perceptible  absoqjtion  of  hydrogen  occurred,  it  was  evident 
that  a  solid  hydride  could  only  be  present  in  traces,  but  a  gaseous 
compound  might  possibly  be  formed  without  absorption.  This 
was  often  looked  for  without  success.  The  fumes  deposited  en  the 
sides  of  the  vessel  were  also  examined.  As  a  rule,  but  not  always, 
they  were  spontaneously  inflammable,  taking  tire  in  the  globe  when 
air  was  admitted  or  in  a  few  seconds  after  removal.  It  soon  became 
apparent  that  the  metal  dust  was  ignited  by  a  variable  quantity  of 
some  foreign  substance  and  that  the  magnitude  of  the  effect  was 
related  to  the  amount  of  action  on  the  glass  tubes  covering  the  elec- 
trodes, chiefly  at  the  cathode.  Here  the  conductivity  is  reduced 
by  the  formation  of  a  well-developed  cathode  glow,  and  the  discharge 
then  breaks  its  way  through  the  glass,  avoiding  the  metal  end.  There 
is  much  development  of  sodium  flame  and  spectrum,  and  the  current 
increases.  It  is  partly  the  old  "Hittorf  effect."  Various  facts  sug- 
gested that  probably  metallic  sodium  was  formed  in  small  f|uantity, 
anrl    that    this   ignited    the   dust.     Consequently   it    was   somewhat 
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difficult  to  collect  fair  quantities  of  the  materials  for  analysis,  and 
such  estimations  as  were  possible  merely  confirmed  what  was  already 
known,  i.  e.,  that  if  any  solid  hydride  existed  it  must  be  exceedingly 
small  in  amount.  Xo  satisfactory  way  of  avoiding  the  use  of  glass 
tubes  was  found.  Silica  tubes  were  destroyed  in  a  few  seconds  by 
intense  chemical  action;  porcelain  was  also  strongly  attacked,  in  each 
case  magnesium  silicide  being  formed. 

In  order  to  obtain  a  metallic  deposit  free  from  chance  impurity 
it  was  necessary  to  abandon  the  rectified  current,  and  to  resort  to 
the  ordinary  low-tension  arc  discharge  in  a  hydrogen  vacuum,  for  in 
this  case  no  inclosing  tubes  are  required.  Then  the  dust  was  never 
spontaneously  inflammable,  and  when  heated  in  a  vacuum  obtained 
by  a  mercury  pump  only  such  traces  of  hydrogen  and  oxides  of  carbon 
were  obtained  as  might  be  expected  from  almost  any  materials  heated 
in  glass  vessels.     There  was  no  suggestion  of  any  gaseous  compound. 

The  spectrum  of  the  arc  in  vacuo  has  been  so  exhaustively  studied 
bv  many  observers  that  only  a  few  observations  were  made  for  the 
sake  of  comparison.  It  was  at  once  evident  that  the  "hydride" 
spectrum  was  present  in  very  great  intensity,  apparently  occurring 
more  persistently  and  readily  than  in  any  other  form  of  discharge, 
and  further,  there  was  no  perceptible  difference  between  the  spectra 
obtained  at  pressures  of  from  ^  to  2  centimeters  in  air  (dried  or  not 
dried) ,  and  in  dry  hydrogen.  Attempts  were  made  to  get  rid  of  the  "hy- 
dride" spectrum  in  dry  air,  but  without  much  success,  and  although 
it  was  certainly  weakened  and  temporarily  eliminated  by  repeated 
pumping,  it  always  appeared  again  after  a  few  minutes'  run,  the 
hydrogen  lines  C  and  F  also  becoming  visible. 

Hence  the  arc,  in  vacuo,  is  especially  favorable  to  the  development 
of  the  "hydride"  spectrum,  and  the  more  intense  the  arc  the  stronger 
it  becomes,  but  in  consequence  of  the  ready  fusion  of  the  electrodes 
the  method  offers  certain  practical  difficulties,  and  it  was  not  found 
possible  to  examine  the  anode  and  the  cathode  spectra  separately. 

The  most  striking  fact  about  the  arc  spectrum  as  a  whole  is  its 
marked  resemblance  to  the  "high-frequency"  spectrum  obtained 
under  certain  critical  conditions  with  induction  coil  and  Leyden 
jars.  They  are  so  nearly  identical  that  it  i>  not  always  easy  to  dis- 
tinguish between  them.     The  most  noliceable  dilTerente  is  the  absence 
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or  weakness  of  the  chief  hydroj^en  hues  in  the  are  spectrum  and  their 
shaqmess  and  stren<j;th  in  the  coil  si)ectrum.  Also  the  line  A  4481  is 
more  dilTuse  in  the  arc  anfl  sometimes  reversed. 

Il  may  he  remarked  ihal  I,ivcin,u;  and  Dewar  found  the  Lcvdcn 
jar  spark  unfavorable  to  devel()i)menl  of  the  hydride  sj)ectrum  under 
the  conditions  of  their  experiments.  1  have  found  that  it  is  com- 
pletely absent,  even  as  a  trace,  from  the  spectrum  of  the  jar  si)ark, 
in  vacuo,  unless  the  discharge  assumes  the  specialized  form  termed  in 
the  former  paper  "the  high-frequency  tlame"  discharge;  then  it  is 
invariably  present  in  hydrogen  and  in  most  other  gase>.  .\l-^o,  in 
hydrogen  it  cannot  ix-  eliminated  l)y  any  process  of  drving,  although 
that  method  is  elTective  in  other  gases. 

This  spectrum  is  shown  in  P'ig.  4,  Plate  XIV.  It  depends  on  a  verv 
characteristic  type  of  discharge,  only  obtained  when  a  strong  oscillatorv 
current  is  used  with  electrodes  of  very  small  mass.  Fig.  5  is  the  arc 
si)ectrum  in  dry  air,  at  h  cm  pressure,  but  it  will  serve  almost  equallv 
well  to  rei)resent  that  spectrum  in  air  or  hydrogen  whether  dried  or 
not.  The  only  difference  is  that  in  air  the  lluting  at  /  5007  is  visible 
at  first,  rapidly  becoming  weaker  and  disappearing  as  the  hydride 
spectrum  increases  in  strength,  while  the  line  /  4571  is  of  somewhat 
variable  intensity.  In  Fig.  4  the  carbon  lluting  at  A  4315  appears  as 
impurity;  in  the  arc  spectra  the  red  carbon  line  at  /  6579  is  often 
seen. 

The  one  common  factor  connected  with  the  origin  of  the  two 
spectra  shown  in  Figs.  4  and  5  is  high  current-density.  Whenever 
this  is  sufficiently  great  the  hydride  spectrum  is  strong,  and  most 
difficult  to  eliminate  by  attemjiting  to  get  rid  of  hydrogen  or  water 
vapor.  The  intensity  of  the  two  pairs  of  well-marked  lines  between 
k  4481  and  A  4352  (observed  originally  by  Porter  and  aftenvard 
examined  by  Fowler  and  Payn)'  is  entirely  dependent  upon  the  same 
factor,  but  they  are  not  in  any  way  related  to  the  hydride  spectrum. 
They  are  simply  very  "short"  metallic  lines,  and  are  often  well  seen 
in  the  types  of  spectra  shown  in  Figs,  i,  2,  and  3,  although  seldom 
strong  enough  to  appear  on  the  negatives.  They  have  not  been  seen 
in  the  cathode-glow  spectrum,  but  are  a  well-marked  feature  in  the 
eruptive  jets,  a  fact  which  seems  to  indicate  that  this  latter  form  of 

'  Proc.  R.  S.,  72,  257,  1903. 
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cathode  discharge  is  also  associated  with  locally  great  current- 
density. 

As  Cre.v  did  not  mention  the  aj^pearance  of  the  hydride  spectrum 
in  his  work  on  the  hydrogen  arc  at  ordinary  pressures,  a  photograph 
was  taken  under  these  conditions.  The  result  was  the  spectrum 
shown  in  Fig.  6,  in  which  the  hydride  is  distinct  enough,  but  still 
quite  weak.  The  metallic  lines  are  all  broad  and  diffuse  except  A  457 1 , 
which  is  fine  and  sharp,  and  a  remarkable  feature  is  the  very  great 
relative  intensity  of  the  violet  Mg  triplet  and  the  fainter  lines  close 
to  it,  two  components  of  the  triplet  being  reversed.  Morse'  has  noticed 
a  similar  marked  intensity  of  this  triplet  in  the  Wehnelt  break  spec- 
trum of  Mg  wire  ini7C/,and  Wilsing^  also  refers  to  very  diffuse  absorp- 
tion hnes  in  this  position  obtained  by  s])ark  discharges  in  water. 

The  well-known  jar-spark  spectra  obtained  in  hydrogen  and  air 
at  atmospheric  pressure  are  appended  in  Figs.  7,  8,  and  9,  for  purposes 
of  comparison.  The  spark  in  hydrogen  is  quiet  and  not  very  luminous, 
forming  a  great  contrast  to  the  noisy  bright  spark  in  air.  The  metal- 
lic lines  are  feeble  and  the  gaseous  lines  strong  and  diffuse,  while 
the  hvdride  spectrum  is  reduced  to  a  faint  trace  of  its  strongest  edge 
at  /  5211,  and  is  best  seen  with  self-induction  in  the  circuit.  It  will 
be  noticed  that  the  arc  spectrum  in  hydrogen  and  the  spark  spectrum 
in  air,  both  at  ordinary  pressure,  bear  a  marked  resemblance  to  each 
other. 

The  mode  of  occurrence  of  the  hydride  spectrum  in  gases  other 
than  hydrogen  was  carefully  examined,  using  the  rectified  current. 
In  all  gases  a  conspicuous  effect  is  the  initial  heating  of  the  cathode. 
This  is  especially  noticeable  with  a  clean  electrode  and  rapidly  dimin- 
ishes if  the  metal  becomes  oxidized  and  hence  a  cathode  may  almost 
in^tanllv  lose  its  shape  with  a  small  current  and  then  carry  a  much 
larger  one  for  an  indefinite  ])eriod  without  further  fusion.  It  is 
partly  an  instance  of  the  Wehnelt  effect. 

In  an  air  vacuum  the  cathode  glow  is  absent,  the  initial  heating 
is  soon  over,  and  long  runs  may  be  obtained  with  less  danger  of  fusion 
than  in  hvdrogen.  At  first  the  spectrum  is  almost  entirely  gaseous, 
chiefiy  nitrogen  fiutings  and  the  oxide  fiuting  at  5007.     As  the  dis- 

'  Astrophyaicdl  Journal,  IQ,  i6y,  1904. 
»  Ibid.,  10,  121,  i8gy. 
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charge,  somewhat  irreguhir  at  first,  settles  down  into  the  eruj)tive 
jet  form,  this  sjjeclrum  disappears  and  unless  the  gas  is  sj)etially 
dried  the  hydride  si)eetrum  develops  as  the  scx);  lluting  gets  weaker, 
and  it  may  he  ()l)>er\ed  steadily  with  great  intensity  for  a  long  time. 
These  statements  also  a|)i)ly  to  nitrogen  not  c(>m|)Ktt'ly  free  from 
oxygen. 

All  the  best  ])hotograi)hs  of  the  hydride  spectrum  were  obtained 
in  this  way.  No  really  good  negatives  of  the  fainter  detail  were 
obtained  in  hydrogen,  chietly  because  the  use  of  that  gas  gives  no 
tangible  increase  in  brilliancy,  and  greatly  adds  to  the  dilViculty  of 
obtaining  a  long  run. 

The  cathode  sj)ectrum  in  air  largely  de])rived  of  oxygen  is  shown 
in  Fig.  I,  the  chief  hydride  bands  being  much  overexposed  in  order 
to  bring  out  the  fainter  i)ortions.  It  will  be  seen  thaf  it  extends 
across  the  whole  range  of  the  visible  sj)ectrum.  Traces  of  nitrogen 
tlutings  are  also  i)resent.  When  the  discharge  vessel  contains  phos- 
phoric anhydride  the  hydride  s])ectrum  either  completely  disajjpears 
or  is  reduced  to  the  merest  suspicion  of  its  strongest  edge. 

Meanwhile  a  gradual  change  has  been  taking  place  in  the  apjjear- 
ance  and  spectrum  of  the  anode.  This  does  not  begin  until  the  oxygen 
is  used  up,  as  evidenced  by  the  disappearance  of  the  5007  fluting, 
and  requires  a  fairly  long  run  and  a  strong  current  to  bring  out  prop- 
erly. The  anode  at  tirst  is  not  very  conspicuous,  e.xcept  for  the 
nitrogen  glow.  In  the  end  it  becomes  covered  with  numerous  minute 
specks  of  light  shining  steadily  on  a  bluish  ground  tint.  The  gaseous 
lines  disappear,  the  hydride  bands  are  present  but  relatively  weak, 
and  there  remains  a  sharp  metallic  spectrum  in  which  the  line  4481 
is  always  weak  and  sometimes  absent,  while  the  line  4571 1  ^vhich 
has  been  steadily  increasing  in  strength,  becomes  the  brightest  line 
present  (excepting  the  b  triplet).  Exactly  the  same  result  is  obtained 
when  the  air  is  dried,  except  that  the  hydride  spectrum  is  absent,  and 
it  is  still  more  readily  obtained  when  the  air  is  first  largely  dej^rived 
of  its  oxygen. 

Figure  2  shows  this  anode  spectrum  in  air  after  a  long  run.  It 
was  obtained  immediately  after  one  similar  to  Fig.  i,  by  merely 
reversing  the  direction  of  the  current,  and  in  fact  this  spectrum  was 
visible  at  the  anode  while  Fig.  i  was  being  photographed.      Fig.  3 
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is  the  anode  spectrum  in  fairly  dry  and  jnire  nitrogen,  and  shows 
the  influence  of  phosphoric  anhydride  in  eliminating  the  hydride 
spectrum.     It  shows  traces  of  cyanogen,  which  is  a  common  impurity. 

Many  attempts  were  made  to  observe  the  discharge  in  pure  dry 
nitrogen,  but  it  was  extremely  difficult  to  insure  that  no  oxygen  was 
present.  The  greater  its  purity,  the  greater  is  the  initial  heating  of 
the  cgithode,  which  almost  inevitably  fuses,  and  the  more  erratic  is 
the  discharge  at  its  commencement.  The  characteristic  anode  glow 
and  spectrum  appear  after  a  time  as  usual,  and  when  a  trace  of  the 
hydride  is  present  it  is  strongest  at  the  anode.  Nitride  is  formed 
at  both  electrodes,  but  never  in  large  quantity,  and  the  absorption 
of  gas  goes  on  very  slowly.  It  does,  however,  seem  probable  that 
the  enhancement  of  the  line  4571  is  in  some  way  related  to  the  for- 
mation of  nitride.  Professor  Hartley'  photographed  the  spectrum 
of  magnesium  under  reduced  pressure,  using  a  spark  discharge  with 
condenser,  and  from  his  observations  suggested  that  it  was  more 
than  probable  that  two  pairs  of  lines,  one  at  3830  and  3837,  and  the 
other  about  5200  and  5209,  were  the  spectrum  of  magnesium  nitride. 
The  first  two  are  comi)onents  of,  or  near  to,  the  violet  triplet  and 
these  I  do  not  find  affected  in  any  way  by  the  presence  of  nitrogen. 
The  only  lines  in  the  second  region  (apart  from  the  complex  shading 
of  the  hydride  spectrum)  are  (i)  the  principal  hydride  edge  at  5211, 
(2)  two  oxide  Hnes  at  5205  and  5191.  Under  the  conditions  of  his 
experiments  the  hydride  edge  might  easily  be  present.  None  of  my 
negatives  suggests  the  existence  of  any  new  lines  or  flutings,  and  pro- 
visionally I  regard  the  spectrum  shown  in  Fig.  3  as  characteristic 
of  nitride  formation  within  the  region  covered  by  the  photograph. 

When  the  rectified  discharge  is  taken  in  water  vapor  at  low  pres- 
sures, there  is  as  usual  a  short  initial  stage  with  hot  cathode.  At 
first  the  water  vapor  or  hydrogen  spectrum  is  very  strong,  but  this 
gradually  disappears  as  time  goes  on.  A  small  current  does  not 
bring  out  the  hydride  spectrum;  at  about  0.5  ampere  it  appears 
faintly  and  at  about  i  ampere  the  anode  suddenly  swells  up  and  glows 
red  hot  throughout,  becoming  a  mass  of  oxide  without  fusion  and 
liberating  hydrogen  in  (juantity.  At  the  same  instant  the  hydride 
si)ectrum  flashes  out  in  great  intensity,  but  of  course  it  is  only  visible 

'  Proc.  R.  Dublin  Soc,  ii,  245,  igo?. 
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for  a  frw  seconds  in  rDnsccjucncc  of  the  f^reat  rise  of  pressure'.  The- 
cathode  i>  hut  little  attacked.  The  anode  can  be  hrout^ht  uj)  to  the 
point  of  i^L^nition  slowly  or  rajjidly  iiy  re<^ulatin>^  the  current,  the 
hydride  s])ectrun"i  is  always  weak  t'.\ce|>t  durint^  the  n-action,  and.  as 
in  all  cases,  the  C  and  F  lines  of  hydrogen  ti-nd  to  weaken  and  di> 
appear  as  that  si)ectrum  becomes  stronj^er. 

It  may  Ix'  remarked  that  the  hydride  speilrum  is  also  seen  when 
magnesium  is  burnt  in  a  current  of  steam  at  ordinary  i)ressurcs — 
the  combustion  lasts  only  a  few  seconds  and  there  is  a  strong  continu- 
oils  spectrum,  but  the  brightest  hydride  tUiling  is  always  visiljle. 

When  the  rectified  discharge  is  taken  in  pure  dried  oxygen  at  a 
pressure  of  3  cm  not  a  trace  of  the  hydride  spectrum  is  seen. 

There  is  some  initial  heating  of  the  cathode,  but  it  quickly  sub- 
sides and  there  is  no  dilTiculty  on  that  account.  There  is  no  cathode 
glow  and  although  the  cathode  discharge  is  of  the  erujHive  jet  type, 
it  exhibits  certain  peculiarities.  There  is  little  absor])tion  of  gas 
with  small  current,  but  if  it  be  unduly  increased,  absorption  becomes 
increasingly  raj^id.  and  one  of  the  electrodes,  usually  the  anode,  may 
suddenly  ignite  and  burn  to  a  mass  of  oxide.  ■ 

The  spectra  obtained  are  highly  characteristic.  At  the  anode 
there  is  a  sharp  metallic  spectrum,  in  which  the  two  pairs  of  lines 
between  4481  and  4352  are  often  well  seen.  The  line  4481  is  strong 
and  sharp,  while  4571  is  weak.  A  noticeable  feature  is  the  presence 
of  the  calcium  lines  4227,  3968,  and  3933,  which  no  doubt  are  derived 
from  the  glass,  but  seldom  observed  except  in  oxygen.  As  might  be 
expected  the  oxide  spectrum  is  very  pronounced,  and  as  there  is  com- 
paratively little  continuous  spectrum  this  method  affords  a  convenient 
means  of  examining  it.  Good  negatives  are  somewhat  difficult  to 
obtain;  if  the  current  is  too  weak  the  fainter  detail  is  not  brought  out 
properly,  and  if  only  a  little  stronger,  one  of  the  electrodes  is  liable 
to  burn  u]).  Again,  as  the  electrodes  become  oxidized  the  continu- 
ous spectrum  due  to  incandescent  points  of  oxide  becomes  increasingly 
troublesome. 

.•\t  the  cathode  the  oxide  bands  are  also  seen,  but  here  the  promi- 
nent feature  is  the  presence  of  the  hne  spectrum  of  oxygen  in  con- 
siderable intensity. 

A  portion  of  the  anode  spectrum  is  shown  in  Fig.  11.     After  this 
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exposure  on  one-half  of  the  slit  the  apparatus  was  well  washed  out 
with  hvdrogcn,  again  exhausted,  and  the  same  electrode  was  then 
used  as  cathode.  In  this  case  the  cathode  glow  appeared  free  from 
the  jet  discharge  and  Fig.  lo  was  obtained.  At  the  same  time  the 
hydride  spectrum  was  visible  at  the  anode. 

The  anode  spectrum  in  oxygen  exhibits  several  points  of  interest. 
At  the  red  end  I  find  a  series  of  bands  with  edges  sharp  toward  the 
red  which  do  not  appear  to  have  been  ])reviously  mentioned.  These 
would  be  easily  photographed  were  it  not  that  they  are  first  to  become 
lost  in  the  continuous  spectrum  which  gradually  increases  in  inten- 
sity as  the  oxidization  of  the  electrodes  proceeds,  and  hence  only 
short  exposures  are  possible.  Msual  observations  present  similar 
difticulties.  Approximately  their  positions  arc  6589  ?,  6314,  6063, 
5781,  5477,  5284,  5249,  and  there  are  several  more  edges  too  faint 
for  measurement.  The  first  of  these  values  is  a  very  rough  estimate, 
the  others  are  probably  correct  within  one  or  two  units.  In  the 
neighborhood  of  the  h  triplet  there  is  a  fluting  with  maxima  at  5205, 
5191,  5162,  5145,  5123,  51 10,  for  which  my  measurements  agree 
almost  exactly  with  Eder's,  but  his  line  at  5210.7  is  almost  certainly 
the  principal  hydride  edge. 

Another  conspicuous  feature  is  a  fluting  without  sharp  edges 
between  the  5007  fluting  and  the  weak  Mg  line  at  4730,  in  the  same 
place  as  one  of  the  stronger  hydride  flutings,  also  without  sharp  edges. 
This  again  does  not  appear  to  have  been  previously  mentioned.  It 
cannot  be  resolved  visually,  owing  to  its  extreme  faintness  and  it 
was  not  j)hotographed  until  observations  were  made  in  oxygen.  In 
the  Dcnkschriftcn  of  the  \'icnna  Academy  (74,  54,  1903),  there  is  a 
plate  accompanying  a  i)aj)er  by  Eder  which  shows  one  or  two  lines 
faintly  resolved,  but  buried  in  a  strong  continuous  spectrum  which 
begins  just  at  this  ])oint  and  extends  far  into  the  violet. 

The  wave-lengths  of  the  ])rincipal  edges  are  approximately  4826, 
4820,  481 1,  4802.  4791,  4781,  and  4771.'  The  edge  at  4781  is  rather 
diffuse,  and  several  faint  lines  lie  between  it  and  4791.  Several  other 
lines,  somewhat  irregularly  spaced,  have  been  measured  between 
4771  and  4730,  which  may  also  belong  to  the  system. 

The  remaining  portions  of  the  oxide  spectrum  have  been  fre(iuently 

I  A  first  notice  of  this  nutiiif^  apiK-ared  in  Xaltirc.  July  2,  1908,  p.  198. 
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observed,  and  although  very  stronj^  in  these  photoj^raphs.  do  not  c  all 
for  special  remark.  Kder  has  cataloj^ued  a  series  of  bands  from 
30QI  to  3865  which  certainly  extend  a>  far  as  4100,  and  in  fact  the 
whole  space  uj)  to  the  h  triplet  a])i)ears  to  be  full  of  exceedingly  faint 
detail.  My  negatives  also  show  a  sharj),  well-marked  line  at  4368, 
and  a  fainter  one  at  4381  whose  origin  has  not  been  satisfactorily 
determined. 

Returning  to  the  consideration  of  the  hydride  spectrum,  from  the 
whole  series  of  observations  the  following  conclusions  can  be  drawn: 
(i)  This  spectrum  represents  some  transitional  and  unstable  state; 
(2)  its  production  depends  far  more  upon  the  nature  of  the  discharge 
than  upon  the  <iuantily  of  hydrogen  present,  although  the  j)resence 
of  this  gas  in  some  form  api)ears  to  be  necessary;  (3)  a  trace  of  water 
vapor  is  even  more  elTective  than  hydrogen,  but  its  presence  cannot 
be  regarded  as  an  essential  condition  ;  (4)  if  really  due  to  a  hydride, 
that  body  is  probably  decomposed  as  fast  as  it  is  formed. 

It  is  very  suggestive  that  no  increase  in  the  extent  and  brightness 
of  this  spectrum  is  noticed  when  a  hydrogen  atmosphere  is  used, 
instead  of  one  in  which  hydrogen  is  only  due  to  occluded  gas  or  water 
vapor  and  that  in  the  latter  case  the  gas  never  gets  used  up,  with  the 
disappearance  of  the  corresponding  spectrum,  as  a  trace  of  oxygen 
docs.  It  is  also  suggestive  that  the  most  important  factor  appears 
to  be  current  density  at  the  electrode.  Whenever  this  becomes  great 
enough,  the  hydride  spectrum  appears,  in  spite  of  elTorts  to  eliminate 
hydrogen,  whereas  when  it  is  small,  as  in  ordinary  spark  discharges, 
that  spectrum  is  either  faint  or  altogether  absent,  even  in  an  atmos- 
phere of  hydrogen. 

The  necessity  for  hydrogen  is  the  only  evidence  that  this  spectrum 
is  due  to  the  formation  of  a  compound.  The  point  can  scarcely  be 
said  to  be  definitely  settled  experimentally  on  account  of  the  practical 
impossibility  of  eliminating  that  gas,  but  on  the  whole  the  facts  seem 
decidedly  in  its  favor.  It  does  not,  however,  seem  necessary  to  assume 
the  existence  of  an  actual  hydride,  except  for  convenience,  and  unless 
the  term  "compound"  is  to  have  a  very  extended  meaning.  It  is 
perhaps  worth  remarking  that  what  is  generally  termed  the  spectrum 
of  a  compound  is  really  that  of  certain  processes  which  take  place 
during  its  formation  or  decomposition,  the  true  nature  of  the  vibrating 
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svstem  being  unknown.      For  instance,  MgO,  once  formed,  merely 
gives  a  continuous  spectrum. 

Again,  the  undoubted  formation  of  nitride  appears  to  show  itself 
only  by  the  strengthening  of  a  single  line. 

Professor  Hartley,  as  the  result  of  his  extensive  and  long-continued 
researches  on  the  band  spectra  of  metals  in  the  oxy-hydrogen  flame, 
has  recently  stated  that  these  arc  due  to  the  atoms  and  not  to  com- 
pounds, and  his  far-reaching  conclusions  appear  to  cover  the  case  of 
magnesium  hydride. 

The  existence  of  two  kinds  of  cathode  discharge,  one  free  from 
the  hydride  spectrum,  and  the  other  highly  favorable  to  its  appearance, 
seems  to  be  a  fact  of  some  importance.  In  this  region  the  phenomena 
of  discharge  depend  largely  upon  the  behavior  of  these  positively 
charged  bodies  which  constitute  the  canal  rays,  and  it  is  not  impossible 
that  here  we  may  have  to  reckon  with  the  two  kinds  of  positive  entities 
common  to  all  gases,  whose  existence  has  been  established  by  Sir  J.  J. 
Thomson.  Again,  it  seems  highly  probable,  as  an  inference  from 
much  experimental  data  not  dealt  v>ith  in  this  paper,  that  the  eruptive 
jet  form  becomes  greatly  developed  in,  and  is  typical  of,  the  ordinary 
arc  discharge,  being  dependent  on  current-density,  while  the  cathode- 
glow  form  becomes  more  prominent  in  the  spark  and  in  vacuum  tubes. 
But  in  neither  case  does  the  preponderance  of  one  type  necessarily 
mean  the  total  exclusion  of  the  other. 

Much  work  as  yet  incomplete  has  been  done  to  throw  light  on  the 
state  of  alTairs  at  the  electrodes.  As  regards  the  cathode,  whatever 
the  state  of  Mg  particles  may  be  when  driven  off  into  the  cathode 
glow  in  hydrogen,  they  appear  almost  immediately  to  act  as  if  either 
positively  charged  or  neutral,  and  in  spite  of  their  intimate  mixture 
at  I'lrst  with  hydrogen  ions  in  that  glow,  no  trace  of  the  hydride  spec- 
trum is  seen.  On  the  hypothesis  of  a  compound,  this  may  be  explained 
bv  supposing  the  Mg  and  H  ions  to  be  similarly  charged  and  unable  to 
combine,  and  the  fact  that  the  hych-ide  spectrum  can  in  some  instances 
be  seen  simultaneously  at  the  anode  may  be  regarded  as  indicating  that 
it  is  due  to  a  negatively  charged  aggregate.  There  are  certainly  two 
well-marked  stages  in  the  evolution  of  fumes  from  the  cathode.  At 
first  they  consist  of  extremely  finely  divided  metallic  dust,  which  readily 
rubs  up  to  a  bright  mirror.  l)ul  after  a  long  run  with  rather  heavy 
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current  there  is  a  somewhat  sudden  chan<^e;  nuu  h  hir<^er  nulallii 
particles  are  jjrojected,  and  also  a  number  of  small  metallic  s|)heres, 
verv  perfectlv  formed  and  with  a  brilliant  metalli(  luster,  which  are 
hollow.  Thev  are  thin  shelK'd  huhhk-s  a\i'ra<^in}^  about  a  millimeter 
in  diameter  and  are  interesting  as  being  produced  at  a  surface  which 
as  a  whole  does  not  necessarily  soften.  Similar  bubbles  may  be  seen 
in  arc  residues,  but  they  are  much  larger  and  more  numerous  with 
the  rectified  current. 

A  preliminary  study  of  other  metals  used  as  electrodes  has  brought 
out  certain  im])ortant  dilTerences  of  behavior;  for  instance,  calcium 
seems  to  waste  away  most  rai)idly  at  the  anode.  It  is  hoped  to  deal 
with  these  matters  more  fully  in  a  later  paper. 

Technical  Schoof.,  Leicester,  Eng. 


THE  RELATIVE  INTENSITIES  OF  THE  YELLOW,  ORANGE, 

AND  RED  LINES  OF  CALCIUM  IN  ELECTRIC 

FURNACE  SPECTRA' 

Bv  ARTHUR  S.  KING 

The  large  electric  furnace  in  the  Pasadena  laboratory'  has  recently 
been  used  by  the  writer  to  study  the  effects  of  different  temperatures 
on  the  calcium  spectrum  in  the  region  of  greater  wave-length,  specia 
attention  being  paid  to  some  twenty  lines  occurring  from  A  5857  to 
A  6718,  which  were  affected  very  differently  by  changes  in  the  furnace 
temperatures.  All  of  the  prominent  arc  lines  in  this  region  are  given 
by  the  furnace,  and  the  experiments  were  arranged  to  bring  out  not 
only  the  effects  of  varying  the  temperature,  but  also  of  increasing  the 
quantity  of  vapor,  to  observe  whether  any  lines  in  this  region  show  a 
behavior  similar  to  that  of  the  "  flame  line"  A  4227,  which  was  shown 
in  a  former  investigation^  to  respond  but  slightly  to  change  of  temper- 
ature, while  enormous  widening  was  brought  about  by  a  large  increase 
in  the  amount  of  calcium  vapor  present. 

The  photographs  were  made  with  the  vertical  Littrow'  spectrograph 
with  an  objective  of  13  feet  (4  m)  focal  length,  the  first  order  of  a 
5-inch  (13  cm)  plane  grating  being  used.  The  plates  were  Seed's 
"  27,"  sensitized  by  the  Wallace  three-dye  process.-*  The  furnace  was 
charged  with  a  few  pieces  of  clean  metallic  calcium,  a  large  or  small 
amount  being  used  according  to  the  vaj)or-flensity  de<ired.  The  tube 
was  heated  in  vacuum,  first  with  an  e.m.f.  of  20  volts  which  rapidly 
raised  the  temperature,  reaching  in  about  five  minutes  a  temperature 
of  approximately  2800°  C.  as  measured  by  a  Wanner  pyrometer.  An 
exposure  was  made  as  the  temperature  rose,  then  others  of  one- 
half  to  one  minute  at  the  maximum  temperature.  A  vigorous  vapori- 
zation of  the  carbon  was  then  taking  place.     The  current  was  broken 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  35. 

»  Contributions  from  the  ^  fount  Wilson  Solar  Observatory,  No.  28;    Astro  physical 
Journal,  28,  300,   1908. 

3  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  No.  32;    Astrophysical 
Journal,  28,  389,  1908. 

*  Astrophysical  Journal,  26,  2')(>,  1907. 
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and  15  vollssubslilutcci,  after  which  one- or  two  low-tfrnpcraturt'  expo- 
sures were  made,  fifteen  to  twenty  times  the  lenj^tli  of  the  e.\|)osure  now 
bcinn;  recjuired  to  |)rodiKe  a  photograph  of  the  same  averaj^e  stren<^th 
as  that  at  tlie  highest  temperature.  No  close  vahie  for  tliis  temperature 
can  be  given,  as  it  was  somewhat  variable,  the  heating  of  the  jacket- 
ing running  uj)  the  temperature  so  that  is  was  necessary  frequently  to 
break  the  current  for  a  few  seconds.  The  average  temj>erature  seemed 
to  be  about  2200°  C,  j)robably  never  rising  above  2400°  C. 

The  intlucnce  of  vai)or-density  was  tested  by  using  very  dilTercnt 
amounts  of  calcium  in  the  furnace  tube.  These  were  given  ( i)  by  the 
empty  tube,  the  graphite  of  which  contains  enough  calcium  to  show 
the  stronger  lines  distinctly;  (2)  a  small  amount  (about  o.i  gm)of 
metallic  calcium;   (,^)  a  large  amount  (2  to  3  gms)  of  the  metal. 

It  may  be  noted  here  that  chemical  action  was  present  in  these 
experiments  to  a  greater  degree  than  is  the  case  when  a  substance 
not  readily  oxidizable  is  used  in  the  furnace.  The  bright  surfaces  of 
the  calcium  became  dulled  while  it  was  being  placed  in  the  furnace 
tube  and  further  time  was  required  to  close  the  chamber  and  pump 
out  the  air.  The  result  was  that  brilliant  red  bands  appeared  dur- 
ing the  first  minute  of  the  heating.  These  soon  died  out  for  the  most 
part,  but  some  of  them  persisted  through  several  exposures,  especially 
when  a  large  quantity  of  calcium  was  used.  These  weakened  rapidly 
with  time,  and  the  strength  of  the  calcium  lines  appeared  to  be  quite 
independent  of  the  existence  of  the  bands,  the  lines  being  produced 
with  equal  facility  whether  the  bands  were  strong  or  barely  vi-ible. 

The  following  table  includes  the  Hnes  from  A  5582  to  /  6718,  with 
their  intensities  in  the  furnace  spectra  at  high  and  low  temperatures 
for  the  three  conditions  of  vapor  density  given  respectively  by  a  large 
amount  of  metallic  calcium,  a  small  amount,  and  by  the  empty  tube. 
The  estimates  of  intensity  were  made  by  comparison  with  a  j)hoto- 
graphic  scale  in  the  manner  described  in  a  previous  paper,"  modifying 
the  estimates  when  necessarv-  according  to  the  character  of  the  lines. 
The  spectra  given  by  high  vapor-density  afforded  the  most  complete 
material  for  comparison,  on  account  of  the  average  density  of  the  two 
photographs  being  very  nearly  the  same;    but  some  allowance  was 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  X(j.  28;  Astro  physical 
Journal,  28,  300,   1908. 
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necessary  for  the  lines  at  the  higher  temperature  being  widened  and 
diffuse  when  much  vapor  was  present,  instead  of  sharp  and  black. 
In  the  spectra  with  less  calcium  present,  the  sj)ectrum  for  the  lower 
temperature  was  as  a  whole  weaker  than  for  the  higher  temperature, 
so  that  a  factor  of  2  is  needed  to  bring  the  low-temperature  spectra 
(in  the  fifth  and  seventh  columns)  to  an  average  intensity  comparable 
with  that  at  the  higher  vapor-density.  The  intensities  are  given  in  the 
table  without  reduction. 


High  Vapor-Density 

Medium  Vapor-Density 

Low  Vapor-Density 

A 

High  Temp. 

Low  Temp. 

High  Temp. 

Ix>w  Temp. 

High  Temp. 

Low  Temp. 

SS82.2O 

2 

I 

2 

trace 

* 

I 

5588.98 

4 

3 

4 

2 

4 

3 

5590-34 

2 

trace 

I 

* 

trace 

5594.69 

3 

2 

3 

I 

3 

2 

5598.71 

3 

2. 

3 

I 

* 

2 

5601 .50 

2 

I 

I 

* 

I 

> 603. 08 

2 

I 

I 

* 

I 

5857.67 

5 

2 

3 

trace 

5 

I 

5867 . 78 

2 

I 

2 

1 

I 
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*  Concei'ed  by  strona;  carbon  fluting  in  this  photograph. 


Descriplion  of  plale. — TUite  X\'  reproduces  the  region  from  /  5890 
to  /  6708  for  different  temperatures  and  different  quantities  of  vapor 
Photograi)h  No.  i  gives  the  spectrum  from  calcium  in  the  carbon  arc 
a  large  quantity  of  the  metal  being  present.  Nos.  2,3,  and  4  arc  furnace 
spectra  with  much  calcium  in  the  tube,  20  volts  being  used  on  the  tube 
for  No.  2  with  an  exposure  of  one-half  minute  when  the  tube  was  very 
hot.     No?.  3  and  4  were  taken  with  15  volts  on  the  tube  and  exposures 
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of  5  and  10  minutes  resi)C'(  ti\(ly  alter  No.  2  had  been  made,  tlie 
current  beinj^  i)roken  several  times  durinj^  No.  4  to  keep  the  temj)era- 
ture  down.  Xo.  4  is  most  c(Miii)aral)le  in  average  intensity  with  No.  2, 
though  No.  3  is  useful  lo  >li()\v  ihc  nlutive  strength  of  some  of  the 
stronger  lines  at  the  lower  temperature.  Nos.  5,  6,  7,  and  8  are  furnace 
spectra  with  a  small  quantity  of  calcium  in  the  tube.  Nos,  5,  6,  and  7 
were  taken  with  20  volts  on  the  tube  and  successive  exposures  of  four, 
three-quarters,  and  one-hall  minute  resj)ectively  as  the  temperature 
rose,  there  being  no  break  of  the  current  between  exposures.  No.  7 
best  represents  the  condition  for  high  and  nearly  constant  temjicraturc, 
while  Nos.  5  and  6  are  of  interest  as  showing  the  weakening  of  the 
bands  as  the  vaporization  progressed  in  the  vacuum,  it  being  possible  to 
keep  the  lines  of  nearly  the  same  intensity  in  the  three  photogra[)hs, 
by  proi)er  timing  of  exj)osures.  No.  8  is  a  low-temj^erature  sjjectrum 
taken  with  15  volts  on  the  tube  and  an  exposure  of  seven  minutes 
immediately  after  No.  7.  A  tinal  arc  photograph  (No.  9)  is  added 
below  for  comparison,  the  amount  of  calcium  and  exposure  time 
being  so  adjusted  as  to  give  the  prominent  Hnes  with  very  weak  bands. 

Discussion. — Referring  to  the  table,  it  is  obvious  at  once  that  the 
calcium  lines  in  this  region  differ  greatly  in  their  response  to  the  stimu- 
lus accompanying  increased  temperature.  The  low-temperature  lines 
may  be  at  once  selected  from  the  first  two  columns  of  the  table  or  by 
comparing  any  pair  of  j)hotographs  at  high  and  low  temperatures 
reproduced  in  Plate  X\'.  These  lines  strengthen  but  slowly  with 
rising  temperature,  while  a  number  of  lines  barely  visible  at  the 
lower  temperature  rapidly  attain  considerable  strength  with  higher 
heating  of  the  tube.  Several  sets  of  lines  may  be  selected  which 
show  this  effect  in  a  striking  manner,  for  example,  A  6122  and 
X  6162  as  compared  with  X  6103;  X  6439  and  X  6463  as  compared  with 
X  6450  and  X  6456;  X  6573  and  X  6708  as  compared  with  X  6718,  and  a 
number  of  other  notable  contrasts.  X  6103  must,  however,  be  classed 
among  the  low-temperature  lines. 

The  object  of  using  dilTerent  quantities  of  calcium  in  the  furnace 
tube  was  to  see  how  large  a  part  vapor-density  may  be  expected  to 
take  in  determining  the  relative  intensity  of  the  spectrum  lines,  calcium 
being  in  many  ways  a  favorable  substance  for  a  test  of  this  kind. 
Comparing  the  first  and  third  columns  of  the  table,  these  spectra  being 
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taken  at  approximately  the  same  temperature  and  with  very  different 
quantities  of  vajior,  a  few  of  the  weaker  hnes  show  shghtly  stronger 
with  higher  vapor  density,  the  most  decided  being  A  6471.88  and 
A  6499.88.  An  interesting  difference  is  seen  between  A  6122  and 
A  6162,  their  intensities  being  in  the  ratio  10  to  8  at  the  higher  vapor 
density  and  12  to  14  at  the  lower.  It  holds  in  all  of  the  spectra,  how- 
ever, that  A  6122  strengthens  with  rising  temperature  more  rapidly 
than  A  6162,  so  that  if  the  tube  were  slightly  hotter  for  the  spectrum 
given  in  the  first  column  the  difference  between  the  two  lines  should 
be  in  the  direction  observed.  The  same  cause  would  account  for 
the  behavior  of  A  6471.88  and  A  6499.88,  both  of  these  being  high- 
temperature  lines  and  rapidly  strengthened  as  the  temperature  rises. 

The  line  which  we  should  expect  to  be  most  affected  by  vapor- 
density  is  the  strong  red  line  A  6708,  which  is  comparable  in  many 
ways  to  the  "  flame  line"  A  4227,  appearing  strong  at  low  temperatures 
with  a  mere  trace  of  calcium  present.  It  does  not  readily  reverse, 
however  (the  widened  appearance  is  due  in  part  to  poor  focus  at 
the  end  of  the  plate),  and  shows  no  decided  change  in  appearance 
or  intensity  when  the  quantities  of  vapor  are  greatly  different.  An 
examination  of  plates  taken  in  this  and  the  former  investigation, 
covering  the  spectrum  as  far  as  A  3700,  shows  no  lines  except  A  4227 
in  which  change  of  vapor-density  has  a  decided  eff'ect.  The  con- 
clusion to  be  drawn  from  the  calcium  spectrum  is  that  while  increase 
of  vapor-density  makes  all  of  the  lines  wider  and  more  diffuse,  it 
does  not  appear  promising  as  a  general  cause  in  producing  changes 
of  relative  intensity  among  lines  when  temperature  and  other  condi- 
tions remain  unchanged;  and  these  latter  can  be  held  constant  for 
different  vapor-densities  much  more  nearly  in  the  furnace  than  is 
possible  in  the  arc.  It  appears  probable  that  A  4227  and  some  of  the 
most  decided  "flame  lines"  in  other  spectra  are  in  a  class  by  them- 
selves as  regards  dependence  on  vapor-density.  However,  a  study 
under  higher  dispersion  of  the  widening  produced  by  increased  vapor- 
density  will  be  necessary  for  a  full  discussion  of  this  point. 

The  band  spectrum  in  this  region  is  of  interest  for  the  present  paper 
chiefly  as  an  indication  of  the  degree  to  which  chemical  action  is 
present.  The  bands  which  ajjjicar  in  the  furnace  photographs  occur, 
with  one  exception,  also  when  metallic  calcium  is  vaporized  in  the 
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carbon  arc  Inirnini^  in  air  and  arc  i)resumably  due  to  the  oxide  unless 
l)ossibly  they  are  given  by  the  metal  itself.  As  has  been  noted,  the 
calcium  l^ecame  oxidi/x'd  to  some  degree  before  the  air  could  be 
removed  from  the  furnace  chamber.  Photographs  Nos.  5  to  8  of  Plate 
III  show  the  weakening  of  the  band  spectrum  as  the  experiment  pro- 
gressed and  indicate  that  this  initial  state  of  oxidation  gave  rise  to  the 
the  bands.  The  increase  of  temj)erature  during  exposures  5,  6,  and 
7  might  act  to  weaken  the  l)ands,  but  in  that  case  No.  8,  taken  at  a 
a  lower  temi)crature  comi)arai)le  to  the  beginning  of  No.  5  when  the 
bands  were  most  brilliant,  should  restore  their  intensity  to  some 
degree,  which  is  not  the  case.  The  same  argument  makes  it  doubtful 
as  to  whether  ihey  can  belong  to  the  metal;  since  in  that  case  they 
should  show  a  behavior  similar  to  that  of  the  low-temi)crature  lines 
{X  6708,  for  example)  instead  of  a  steady  fading  away  as  time  went  on. 

When  a  larger  amount  of  calcium  was  used,  the  bands  were  much 
more  persistent,  as  would  be  expected  from  the  increased  opportunity 
for  chemical  action.  In  No.  2  the  stronger  bands  are  seen  reversed, 
while  they  are  bright  and  fairly  distinct  in  Nos.  3  and  4. 

The  band  referred  to,  which  does  not  appear  in  the  spectrum  of 
the  arc  burning  in  air,  is  that  with  prominent  heads  at  A  6389.3  and 
A(iT,^2.2,  shaded  toward  the  violet.  They  show  distinctly  in  Nos.  2 
and  5,  especially  in  the  latter,  and  are  faintly  visible  on  the  negative  in 
the  low-temperature  photographs.  This  is  the  band  measured 
by  Olmsted'  and  found  especially  strong  in  the  calcium  arc 
burning  in  hydrogen.  The  band  is  not  usually  perceptible  in 
the  calcium  arc  in  air  or  when  a  plentiful  supply  of  oxygen  is 
present.  Hydrogen  or  water  vapor  supplied  to  the  arc  with  partial 
exclusion  of  oxygen  bring  it  out  strongly.  In  the  furnace  spectra 
it  is  favored,  like  the  other  bands,  by  the  initial  conditions  when  the 
furnace  is  heated  up.  It  weakens  with  time  and  is  not  restored  by 
lower  temperature,  so  that  it  seems  unhkely  that  this  band  belongs  to 
the  metal;  while  its  behavior  in  the  arc,  as  has  been  noted,  is  differ 
ent  from  that  of  the  other  furnace  bands.  If  the  band  at  A  6382-6389 
is  due  to  a  hydrogen  compound,  this  would  most  probably  arise  from 
moisture  inside  the  steel  chamber,  which  would  be  vaporized  at  the 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  21;  Astrophysical 
Journal,  27,  66,  1908. 
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first  heating,  and  would  tlicn  be  rapidly  pumped  out,  as  the  pump  is 
usually  kept  working  during  the  operation  of  the  furnace.  It  is  hoped 
soon  to  make  further  tests  as  to  the  origin  of  the  band. 

Comparison  with  sun-spot  lines. — The  sensitiveness  of  the  calcium 
lines  to  temperature  changes  makes  them  favorable  for  use  in  testing 
the  hypothesis  that  temperature  is  one  of  the  chief  agencies  in 
causing  the  differences  between  the  solar  spectrum  and  that  of 
sun-spots.  The  relation  holds,  quite  as  generally  as  in  any 
spectrum  examined,  that  all  of  the  low-temperature  lines  are  much 
strengthened  in  sun-spots,  usually  in  the  ratio  of  about  2  to  i  in  photo- 
graphs where  the  continuous  ground  is  of  the  same  density  for  both 
spot  and  solar  spectra;  while  the  two  most  conspicuous  low-tempera- 
ture lines,  X  6573  and  X  6708,  are  intensified  in  sun-spots  in  the  ratio 
15  to  I  and  5  to  0000  (on  the  Rowland  scale)  respectively.  However, 
some  condition  exists  on  the  sun  which  causes  all  of  the  calcium  lines 
to  be  more  or  less  strengthened  in  the  spot  and  it  frequently  happens 
that  some  of  the  high-temperature  Hnes,  as  for  example  XX  5858, 
6167,  6456,  6500,  are  considerably  stronger  in  the  spot  than  in  the  sun. 
There  is  a  vital  difference,  however,  between  the  character  of  these 
lines  and  that  of  the  pronounced  low -temperature  Hnes,  such  as  XX  6103, 
6122,  6162,  6439,  in  that  the  latter  are  very  much  widened  and 
"winged"  in  the  spot,  the  formation  of  wings  being  very  slight  for 
the  group  of  high-temperature  lines. 

So  much  remains  to  be  settled  in  regard  to  the  causes  of  widening 
in  solar  lines,  the  matter  being  still  further  complicated  by  the  existence 
of  a  magnetic  field  in  sun-spots,  which  would  cause  lines  to  be  widened 
differently  according  to  the  type  of  magnetic  separation,  that  for  the 
purposes  of  the  present  paper  the  matter  may  best  be  left  with  the 
statement  just  given  of  the  general  relation  between  the  low-  and 
high-temperature  lines.  An  intensive  study  will  soon  be  made  of  a 
few  of  the  calcium  lines  under  higher  dispersion,  to  determine  by  a 
comparison  of  various  laboratory  conditions  what  causes  are  chiefly 
instrumental  in  the  observed  widening  of  these  lines  in  solar  spectra. 

It  may  be  well  to  state  what  is  meant  by  the  constant  use  in  my 
electric  furnace  papers  of  expressions  concerning  the  dependence  of 
spectra  upon  "temperature,"  that  necessary  brevity  of  statement  in 
the  use  of  this  word  mav  not  be  mistaken  for  looseness.     Notiiing 
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in  the  electric  furnace  experiments  can  claim  to  throw  any  li^ht  on 
the  ultimate  mechanism  of  radiation.  We  are,  however,  dealing 
here  with  temperature  as  the  primary  or  rather  the  initial  exciting 
cause;  though  the  ex])eriments  lea\e  open  the  j)ossibility  that  other 
agencies,  results  of  the  high  temjjerature,  sui)])ly  the  stimulus  finally 
needed  to  ])roduce  light.  With  the  low  voltage  cmj)loycd  on  the 
furnace  tube,  it  is  scarcely  conceivable  that  the  electric  current  pro- 
duces any  condition  that  wouhl  not  be  ])resent  if  tlie  tube  were  heated 
by  a  flame  ai)i)lied  to  the  outside  or  were  imbedded  in  a  mass  of  hot 
material,  the  ease  of  producing  a  high  temperature  being  the  sole  point 
in  favor  of  the  use  of  the  electric  current.  All  of  the  consequences 
of  the  electron  theory  may  hold  for  the  radiation  in  the  furnace, 
provided  we  admit  that  the  temperature  supplies  the  necessary  energy 
and  controls  its  amount.  This  position  of  temperature  as  the  j)rimary 
excitation  is  the  essential  i)oint  of  contrast  between  the  furnace 
on  the  one  hand  and  the  arc  and  the  flame  on  the  other.  In  the 
two  latter  sources,  high  temperature  is  the  result,  in  the  one  case  of 
the  electrical  action,  in  the  other  case  of  the  chemical  processes  of 
combustion. 

Mou.vT  Wilson'  Solar  Observatory 
January  1909 


THE   60-INCH   REFLECTOR    OF   THE   MOUNT  WILSON 

SOLAR   OBSERVATORY' 

By  G.  W.  RITCHEY 

The  60-inch  reflector  of  the  Mount  Wilson  Solar  Observatory  was 
first  tested  visually  on  the  stars  on  the  night  of  December  13,  1908, 
and  the  first  celestial  photograph  was  secured  with  it  on  December 
19.  A  number  of  accessories  of  the  telescope  and  its  steel  dome 
and  building  still  remain  to  be  completed;  the  most  important  of  these 
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are  the  three  spectrographs,  and  the  small  refrigerating  apparatus 
for  holding  the  large  mirror  throughout  the  day  at  the  expected  night 
temperature. 

The  60-inch  (152  cm)  reflector  is  designed  to  be  used  in  four 
principal  ways,  as  follows :  First,  as  a  Newtonian,  for  direct  photog- 
raphy with  the  double-slide  plate-carrier,  and  for  spectroscopic  work 
with  a  spectrograph  carried  at  the  Newtonian  focus;  in  this  use  the 
focal  length  is  299  inches  (7.6  m)  (see  Fig.  i).     Second,  as  a  Casse- 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  36. 
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grainian,  for  clircct  |)hotograi)hy  w  ilh  the  double-slide  platc-carricr; 
in  this  use  the  equivalent  focal  length  is  approximately  iod  feet 
(30.5  m),  and  the  enlarged  image  is  formed  at  the  north  side  of 
the  tube,  near  its  lower  end  (see  Fig.  2).  Third,  as  a  Casscgrainian 
for  spectroscopic  work  with  a  large  spcctrogra])h,  of  the  type  of  the 
Bruce  spectrograph  of  the  Verkcs  Observatory,  attached  to  the  north 
side  of  the  strong  cast-iron  part  of  the  tube,  near  its  lower  end;  in 


Fig.  3 


Fig.  4 


this  use  the  equivalent  focal  length  is  approximately  80  feet  (24.4  m) 
(see  Fig.  3).  And  fourth,  as  a  Cassegrainian-CowJe  for  spectroscopic 
work  with  a  ver}-  large  spectrograph  mounted  on  stationary  piers  in 
an  underground  constant-temperature  pit;  in  this  use  the  equivalent 
focal  length  is  approximately  150  feet  (45. 5  m)  (see  Fig.  4.) 


THE   OPTICAL  PARTS 

For  the  above  uses  of  the  telescope  six  optical  mirrors  are  required, 
all  of  which  have  been  completed  in  our  shop:  the  60-inch  par- 
aboloidal  mirror  of  299  inches  (7.6  m)  focal  length,  which  in  its 
finished  condition  is  jf  inches  (19.4  cm)  thick  at  the  edge,  6|  inches 
(17.5  cm)  thick  at  the  center,  and  weighs    1900   lbs.  (865  Wlos); 
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the  Newtonian  plane  mirror,  which  is  of  elHptical  outhne,  is  igf 
inches  (50.2  cm)  long,  14^  inches  (36.8  cm)  wide,  and  t,^  inches 
(7.9  cm)  thick;  the  Coude  ])lanc  mirror,  which  is  also  eUiptical  in 
outline,  is  22^  inches  (56.5  cm)  long,  12^  inches  (31.8  cm)  wide, 
and  3f  inches  (9.  2  cm)  thick;  and  three  convex  hyperboloidal  mirrors, 
with  diameters  respectively  of  16  inches  (40.6  cm),  i6f  inches 
(42.6  cm),  and  17^  inches  (44.5  cm),  and  giving  equivalent  focal 
lengths,  as  before  stated,  of  approximately  80  feet  (24.4  m),  100  feet 
(30.5  m),  and  150  feet  (45.7  m)  respectively;  each  of  these  mirrors 
is  about  3  inches  (7.6  cm)  thick.  All  of  these  mirrors  are  polished 
approximately  flat  on  the  back,  and  when  in  use  in  the  telescope  are 
silvered  on  the  back  as  well  as  on  the  face,  in  order  that  the  effect  of 
temperature  change  may  be  symmetrical  on  front  and  back. 

The  methods  used  in  grinding,  pohshing,  and  testing  the  mirrors 
are  practically  the  same  as  those  described  in  my  paper  on  "The 
Modern  Reflecting  Telescope,"  pubHshed  by  the  Smithsonian 
Institution  in  1904.  The  methods  used  in  testing  the  optical  sur- 
faces are  also  described  in  the  Astrophysical  Journal,  19,  53,  1904. 
As  these  methods  have  now  been  applied  and  thoroughly  tested  in 
the  case  of  a  reflecting  telescope  of  the  largest  size  with  satisfactory 
results,  the  following  remarks  upon  the  optical  work  may  be  of 
interest. 

Of  much  practical  importance  in  its  bearing  upon  the  making 
of  very  large  optical  surfaces  is  the  fact  that,  in  the  case  of  the  60-inch 
glass,  grinding  and  pohshing  tools  of  only  about  one-fourth  the 
area  of  the  glass  were  used  with  entire  success  in  excavating  the 
large  concave  and  in  fine  grinding  and  polishing;  a  full-size,  flat 
grinding  tool  was  used  only  in  the  preliminary  work  of  securing  a 
perfect  surface  of  revolution.  A  circular  grinding  tool  of  cast-iron, 
31^  inches  (80  cm)  in  diameter,  was  used  in  all  of  the  fine  grinding 
of  the  large  concave  surface.  In  polishing  this  concave,  and  in 
bringing  it  to  an  optically  perfect  spherical  surface  preparatory  to 
parabolizing,  a  90°  sector-shaped  polishing  tool  of  exactly  one-fourth 
the  area  of  the  large  glass  was  used  with  the  best  results.  In  par- 
aVjolizing,  a  circular  polishing  tool  20  inches  (50.8  cm)  in  diameter 
was  exclusively  used  in  securing  the  necessary  change  of  curvature 
from  center  to  edge  of  the  glass;  in  addition  to  this  the  90°  sector 
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tool,  used  with  long  diametrical  and  cliordal  strokes,  was  found  to 
be  of  great  value  in  smoothing  out  tht-  paraholoidal  surface.  With 
these  two  figuring  tools  alone,  used  with  the  macliine,  a  very  close 
approximation  to  a  true  paraboloid  was  secured.  The  figuring  was 
completed  with  much  smaller  tools  used  by  hand  to  soften  down 
several  slight  high  zones. 

In  figuring  the  large  paraboloid,  one  modification  only  was  found 
desirable  in  the  polishing  machine  described  in  my  Smithsonian 
paper.  The  two  cranks  which  give  the  motion  to  the  polishing 
tools  were  remade  in  such  a  way  that  their  throw  or  stroke  can  now 
be  altered  at  will  while  the  machine  is  running.  The  optician  is 
thus  enabled  to  change  the  position  and  stroke  of  the  tool  with  a 
perfectly  smooth  progression  while  parabolizing;  these  changes  are 
actually  made  at  the  end  of  each  revolution  of  the  glass,  and  a  very 
great  improvement  in  the  smoothness  of  curvature  of  the  parabo- 
loid is  at  once  apparent. 

In  the  early  stages  of  figuring  the  large  paraboloid,  testing  was 
done  at  the  center  of  curvature,  by  measuring  the  radius  of  curvature 
of  the  successive  zones;  in  the  final  stages,  however,  all  tests  were 
made  at  the  focus  of  the  paraboloid,  with  the  aid  of  a  36-inch  (91.4  cm) 
collimating  plane  mirror  of  the  finest  figure,  which  was  made  in  our 
optical  shop  expressly  for  the  purpose  of  testing  the  large  paraboloid 
and  the  three  smaller  hyperboloidal  mirrors  described  above.  This 
36-inch  plane  mirror  was  mounted  on  edge  on  an  iron  carriage  sliding 
on  massive  iron  ways  carefully  finished  straight,  and  could  be  moved 
horizontally  by  means  of  a  long  screw;  in  this  manner  it  could  be 
readily  placed  so  as  to  show,  at  the  testing  knife-edge  at  the  focus  of 
the  60-inch  paraboloid,  any  36-inch  circle  of  this  paraboloid.  This 
test  is  a  most  rigorous  and  satisfactory  one,  enabling  the  optician  to 
see,  and  to  determine  the  character  of  slight  zonal  errors  which 
cannot  be  detected  by  the  test  at  the  center  of  curvature.  The  three 
hyperboloidal  mirrors  were  tested  in  a  similar  manner,  in  conjunction 
with  the  36-inch  plane  mirror. 

WTiile  a  collimating  plane  mirror  of  the  full  size  of  the  paraboloid 
would  be  desirable  and  convenient,  my  experience  has  shown  that 
a  plane  mirror  with  a  diameter  three-fifths  that  of  the  paraboloid, 
used  as  above  described,  gives  excellent  results.     A  rough  disk  of 
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glass  has  accordingly  been  ordered  for  a  6o-inch  plane  mirror  for 
testing  the  loo-inch  (254  cm)  Hooker  glass. 

THE   MOUNTING 

In  all  essential  features  the  design  for  a  60-inch  mounting  de- 
scribed in  my  Smithsonian  paper  has  been  carried  out.  The  general 
character  of  the  mounting  will  be  seen  by  reference  to  Plates  XVI  and 
XVII;  the  first  of  these  shows  the  mounting  as  it  appeared  in  our  erecting 
shop  in  Pasadena,  the  second  as  it  appears  when  finally  set  up  in  its 
dome  on  Mount  Wilson. 

The  very  large  parts  of  the  mounting,  including  the  base,  the 
polar  axis,  the  mercury'  float  and  trough,  and  the  tube,  were  made 
by  the  Union  Iron  Works  Company  of  San  Francisco;  a  large  amount 
of  final  machining  and  finishing  of  these  parts  was  done  by  us  after 
their  arrival  at  Pasadena.  In  addition,  the  construction  of  all 
of  the  smaller  and  more  refined  parts  of  the  mounting,  including  the 
driving-clock  and  its  connections,  the  electric  quick-  and  slow- 
motion  mechanism,  the  lever-support  system  of  the  large  mirror,  the 
cells  and  their  supports  for  the  five  small  mirrors,  the  automatic- 
rotation  mechanism  for  the  Coude-Y)\a.ne  mirror,  the  large  double- 
slide  plate-carrier,  the  graduated  circles,  and  the  cutting  and  grinding 
of  the  lo-foot  (3.5  m)  worm-gear  on  the  polar  axis,  was  done  at  our 
shop  in  Pasadena. 

The  cast-iron  base  is  15  feet  (4.57  m)  long,  7  feet  (2.13  m)  wide, 
18^  inches  (47  cm)  deep,  and  weighs  14,000  lbs.  (6350  kilos). 
The  north  and  south  columns,  forming  the  bearings  of  the  polar  axis, 
weigh  respectively  9500  lbs.  (4275  kilos),  and  2000  lbs.  (907  kilos). 
The  polar  axis  is  a  hollow  forging  of  nickel-steel,  hydraulic-forged 
by  the  Bethlehem  Steel  Company,  and  is  turned  and  ground  all  over; 
it  is  15  feet  (4.6  m)  long,  varies  from  15  to  18  inches  (38.1  to  45.7 
cm)  in  diameter,  and  weighs  9200  lbs.  (4140  kilos).  At  its  upper 
end  is  a  head  or  flange  4^  feet  (1.37  m)  in  diameter  and  6  inches 
(15.  2  cm)  thick.  To  the  lower  side  of  this  flange  is  bolted  the  float, 
which  is  a  very  rigid  hollow  disk  of  steel  boiler  plate,  10  feet  (3.05  m) 
in  diameter  and  2  feet  (61  cm)  deep  or  thick,  weighing  8600  lbs. 
(3900  kilos).  To  the  ujjjjcr  side  of  the  flange  of  the  ])olar  axis  is 
boltcfl  the  fork,  between  the  great  arms  of  which  the  tube  swings  in 
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declination  on  nickel-steel  trunnions  7  inches  (17.8  cm)  in  diameter. 
The  fork  is  of  cast-iron,  of  hollow  box-section,  is  y  feet  (2.7  m) 
across  in  extreme  width,  and  weighs  10.400  lbs.  (47 11  kilos).  Twelve 
nickel-steel  bolts,  2J  inches  (6.4  cm)  in  diameter  and  3  feet  (91.4 
cm)  long,  pass  through  reamed  holes  through  the  base  of  the  fork, 
through  the  tlange  of  the  polar  axis,  and  through  the  cast-iron  center 
or  hub  of  the  tloat,  thus  clamj)ing  these  massive  |)arts  together  with 
extreme  strength  and  rigidity  at  a  region  of  the  mounting  where 
the  greatest  tendency  to  llexurc  occurs. 

The  tloat  dips  in  a  cast-iron  trough  which  is  machined  to  nearly 
fit  the  float,  leaving  a  space  of  only  one-eighth  of  an  inch  all  around; 
this  space  is  filled  with  650  lbs.  (295  kilos)  of  mercury.  The  immersed 
part  of  the  float  gives  a  displacement  of  about  50  cubic  feet  (1.4 
cu.  m)  of  mercury,  thus  carrying  2ih  tons  (19,479  kilos)  of  the 
moving  parts  of  the  telescope  in  the  fluid,  and  relieving  95  per  cent, 
of  the  weight  on  the  large  bearings  of  the  polar  axis.  The  mounting 
is  so  designed  that  the  center  of  weight  of  the  moving  parts  is  vertically 
above  the  center  of  flotation. 

The  large  worm-gear  for  the  diurnal  rotation  of  the  telescope  is 
10  feet  (3.05  m)  in  diameter  and  has  1080  teeth.  While  being  cut, 
these  teeth  were  spaced  with  the  utmost  care  with  the  aid  of  a  36-inch 
(91 .44  cm)  Warner  and  Svvasey  graduated  circle  of  the  finest  quality. 
The  teeth  were  then  hobbed  (with  a  hob  of  special  design  by  which 
the  accuracy  cannot  be  lost)  and  were  then  ground  with  hone  powder 
of  finer  and  finer  grades,  with  oil,  and  were  finally  polished  with 
rouge  and  oil.  This  treatment  not  only  eliminates  any  small  irregu- 
larities of  spacing,  but  leaves  the  teeth  exquisitely  smooth. 

The  driving-clock  is  in  many  respects  a  copy  of  the  driving-clock 
of  the  40-inch  Yerkes  refractor,  built  by  Warner  and  Swasey.  I 
have  introduced  one  important  modification,  however,  as  follows: 
the  clock-governor  is  driven  by  a  weight  through  a  spur-gear  train, 
as  usual,  but  the  motion  of  the  governor  is  communicated  to  the 
telescope  through  the  medium  of  a  worm  and  worm-gear,  which  are 
ground  with  the  utmost  care  to  eliminate  periodic  errors.  This 
worm-gear  of  80  teeth,  together  with  the  large  worm-gear  of  1080 
teeth  on  the  polar  axis,  gives  the  entire  reduction  from  the  clock- 
governor,  rotating  once  in  a  second,  to  the  polar  axis,  which  rotates 
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once  in  24  hours.  Furthermore,  the  two  worm-gears  named  are  the 
only  gears  used  in  communicating  the  rotation  of  the  clock-governor 
to  the  polar  axis,  the  driving-clock  being  so  placed  that  all  spur- 
gears  and  bevel-gears  are  dispensed  with. 

To  relieve  friction  and  wear  on  the  polished  teeth  of  the  large 
worm-gear,  and  on  the  clock  and  clock-connections,  the  following 
simple  expedient  is  used.  A  small  wire-rope  passes  over  a  grooved 
wheel  keyed  to  the  polar  axis,  runs  over  two  grooved  pulleys  on  the 
west  side  of  the  telescope  base,  and  is  loaded  with  about  100  lbs. 
of  iron  weights  hanging  vertically  on  the  west  side  of  the  pier.  With 
this  assistance,  only  about  two  pounds'  pressure  on  the  teeth  of  the 
lo-foot  worm-gear  is  required  to  rotate  the  moving  parts  toward  the 
west. 

As  a  further  means  of  keeping  the  teeth  of  the  large  worm-gear 
continually  in  the  finest  condition,  a  small  motor  is  provided  by 
means  of  which  the  gear  and  its  worm  can  be  repolished  at  any  time. 
In  practice  this  is  done  several  times  each  week;  the  worm-shaft  is 
disconnected  from  the  driving-clock  by  simply  removing  two  small 
screws,  fine  graphite  and  oil  are  supphed  as  a  lubricant,  and  the  large 
worm-gear  and  its  worm  are  run  together  for  an  hour. 

As  a  result  of  the  mercury  flotation  and  the  care  which  has  been 
given  in  finishing  the  driving-clock,  the  clock-connections,  and  the 
large  worm-gear,  the  great  telescope  follows  the  stars  with  exquisite 
smoothness  and  accuracy,  despite  the  fact  that  the  moving  parts 
weigh  nearly  23  tons. 

The  telescope  is  provided  with  electric  quick  and  slow  motions. 
The  former  give  a  speed  of  30  degrees  per  minute  of  time,  in  both 
right  ascension  and  declination.  The  latter  are  arranged  to  give 
two  speeds,  one  of  six  minutes  of  arc  in  a  minute  of  time,  for  ordinary 
fine  setting,  and  a  slower  one  of  one-half  minute  of  arc  in  a  minute 
of  time  for  guiding  with  the  spectrographs.  The  electric  wiring  is 
so  arranged  that  the  slow  motions  can  be  operated  from  several 
convenient  points. 

The  octagonal  skeleton  tube  is  worthy  of  description  because  of 
its  extraordinary  rigidity.  It  consists  of  eight  conical  tubes  of  ^  inch 
(3.2  mm)  sheet  steel,  about  15  feet  (4.6  m)  long,  tapering  from  5 
inches  (12.7  cm)  diameter  at  their  lower  ends  to  3  inches  (7.6  cm) 
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diameter  at  their  ui)])er  ends;  each  tulx'  is  made  of  two  parts  riveted 
together,  with  two  llanges  135°  ai)art  extending  their  whole  length; 
to  these  flanges  are  riveted  the  diagonal  braces;  three  rigid  rings 
connect  the  eight  tubes  together.  Any  one  of  four  interchangeable 
extensions  of  the  tube,  called  "cages,"  of  similar  construction,  can 
be  connected  to  the  ui)i)er  end  of  this  j)ermanent  jnirt  of  the  skeleton 
tube;  one  of  these  carries  the  Newtonian  plane  mirror  and  its  acces- 
sories; this  is  shown  in  Plate  Will;  each  of  the  others  carries  one  of 
the  small  hyjxTboloidal  mirrors,  with  its  cell,  cell-support,  and  small 
electric  motor  for  focusing.  A  simple  and  etTectivc  machine,  called 
the  "cage-lift,"  which  is  suspended  from  the  framework  of  the  dome, 
enables  the  observer  or  assistant  to  interchange  the  cages  quickly 
and  safely. 

The  Newtonian  "cage"  or  tube-extension  can  be  connected  to  the 
tube  in  four  different  positions  90°  apart,  that  is,  with  the  diagonal 
plane  mirror  and  the  double-slide  plate-carrier  facing  cither  north, 
east,  south,  or  west.  The  cage-lift  is  so  designed  that  the  tube- 
extension  can  be  rotated  to  the  position  desired  while  suspended  in 
it,  before  being  attached  to  the  tube. 

The  double-slide  plate-carrier  is  most  carefully  designed,  and  is 
much  more  elaborate  than  those  which  I  have  made  and  used  in  the 
past.  It  is  so  planned  that  it  will  take  either  5X7  inch  (12. 7 X 
17.8  cm)  or  6^X8^  inch  (16. 5X21. 6  cm)  photographic  plates. 
This  and  other  features  of  the  design  allow  a  very  large  range  of 
movement  of  the  guiding  eyepiece,  for  choosing  the  most  suitable 
guiding-star  available — a  matter  of  the  utmost  importance  in  using 
this  attachment.  Provision  is  made  for  altering  the  plane  of  the 
photographic  plate  when  desired,  during  the  exposure,  without 
danger  of  relative  rotation  of  the  field  and  plate. 

Mention  should  also  be  made  of  the  lever-support  system  of  the 
60-inch  mirror.  The  system  fully  described  in  my  Smithsonian 
paper  has  been  used  without  modification.  The  mirror  is  "floated" 
so  that  no  flexure  occurs  sufficiently  large  to  be  detected  by  optical 
tests;  and,  in  addition,  the  position  of  the  mirror  is  defined  so  per- 
fectly with  reference  to  its  tube  that  no  wandering  or  jumping  of 
the  star-images,  due  to  the  slipping  of  the  mirror  in  its  cell,  can  be 
detected  in  the  guiding  eyepiece. 
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THE   STEEL   BUILDING   AND   DOME 

The  building  which  supports  the  dome  is  entirely  of  light  steel 
construction.  Twenty  columns,  each  22  feet  (6.7  m)  high,  form 
the  corners  of  the  20-sided  equilateral  polygon.  These  columns 
support  twenty  horizontal  box-girders,  which  carry  the  double  track 
upon  which  the  dome  revolves. 

The  building  has  two  sheet-metal  walls;  the  inner  one  is  of  y^g 
inch  galvanized  sheet  steel,  and  is  planned  to  be  air-tight;  the  outer 
wall,  two  feet  distant  from  the  other,  is  of  hght  galvanized  sheet  steel, 
and  serves  merely  as  a  sun-protection.  A  free  circulation  of  air  is 
allowed  between  the  two;  both  arc  i)ainted  white.  Sixteen  sheet- 
metal  windows,  closing  air-tight  against  heavy  rubber  packing,  are 
easily  accessible  from  the  lower  floor,  and  assist  in  ventilating  the 
building  and  dome  quickly  when  desired. 

The  ground  floor  of  the  building  is  of  cement;  on  this  floor  are 
the  dark  rooms  and  the  electric  machinery'  for  revolving  the  dome. 
Nineteen  feet  above  this  is  the  operating  floor,  of  thin  checkered 
steel  plate  supported  by  light  steel  columns  and  I-beams.  From 
thfs  floor  are  operated  the  dome-drive  machinery',  the  dome-shutter, 
the  wind-screen,  the  quick  and  slow  motions  of  the  telescope,  the 
right  ascension  and  dechnation  clamps,  etc.;  from  this  floor  also  the 
right  ascension  and  dechnation  circles  are  read.  On  this  floor  are 
arranged  the  silvering  carriage  (which  is  necessar}-  when  removing 
the  large  mirror  from  the  tube,  and  when  silvering  it)  and  the  inter- 
changeable ends  of  the  tube  which  are  not  in  use  on  the  telescope. 
In  this  floor  are  twelve  large  trap-doors,  3X7^  feet  (0.9x2.3  m)  in 
size,  which  can  be  quickly  opened  to  assist  in  ventilating  the  building 
and  dome. 

The  dome  is  58  feet  (17.7  m)  in  diameter,  and  is  of  Hght  steel 
construction  with  sheet-metal  covering,  coated  inside  with  granu- 
lated cork,  to  prevent  dripping  from  condensation  of  moisture,  and 
painted  white  outside.  It  revolves  on  double  tracks  which  are 
machined  true,  the  dome  wheels  being  all  double,  conical,  and  fur- 
nished with  the  best  Hess-Bright  ball-bearings.  The  dome  moves 
with  great  smoothness.  Two  motors  are  used  in  turning  it:  one  of 
three  horse-power,  which  is  so  geared  that  the  dome  makes  one 
complete  revolution  in  six  minutes;  and  a  one-horse-power  motor, 
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which  drives  a  variable-speed  machine,  by  which  the  s])eed  of  the 
^domc  can  be  changed  at  will  (by  simply  turning;  a  hand-wheel)  to 
any  point  between  one  revolution  in  one  hour  and  one  revolution  in 
twenty-five  hours;  this  allows  the  observer,  when  working  on  the 
observing  platform  attached  to  the  dome,  to  be  moved  with  exactly 
the  right  si)eed  to  compensate  for  the  horizontal  component  of  the 
motion  of  the  telescope. 

The  dome-shutter  is  extremely  large,  having  a  clear  opening  16 
feet  (4.9  m)  wide.  Instead  of  opening  horizontally  in  halves,  the 
shutter  runs  back  over  the  dome,  as  shown  in  Plate  XIX;  it  is  opened 
and  closed  by  a  six-horse-power  electric  motor.  A  large  metal  door, 
below  the  shutter  opening,  17  feet  (5.2  m)  long  by  8  feet  (2.4m) 
high,  turning  outward  on  hinges  at  its  bottom,  can  be  opened  when 
it  is  necessary  to  observe  objects  near  the  horizon. 

A  light  metal  observing  platform,  17  feet  (5.2  m)  long  by  9  feet 
(2.7  m)  wide,  travels  up  and  down  the  curve  of  the  shutter  opening, 
by  means  of  a  threc-horse-power  electric  motor.  This  platform 
can  be  operated  either  from  the  operating  floor  or  from  the  platform 
itself,  by  simply  pushing  a  button;  it  is  so  designed  that  it  auto- 
matically remains  horizontal  in  all  positions.  In  addition  to  its 
vertical  movement,  and  its  horizontal  movement  with  the  dome,  the 
platform  can  be  moved  about  30  inches  (76.2  cm)  radially  with 
respect  to  the  vertical  axis  of  the  dome.  This  combination  of  motions 
enables  the  observer  to  reach  the  upper  end  of  the  tube,  and  to  work 
with  the  telescope  as  a  Newtonian,  with  the  utmost  convenience,  in 
most  positions  of  the  telescope. 

A  wind-screen  17  feet  (5.2  m)  wide  by  35  feet  (10.7  m)  long  is 
provided,  which  can  be  c^uickly  raised  and  lowered  in  the  shutter 
opening  by  suitable  mechanism;  it  is  made  of  heavy  black  canvas 
supported  on  large  steel  tubes  with  rollers  at  their  ends.  This 
protects  the  telescope  from  wind,  and  also  from  hghts  in  the  valley. 

As  will  be  seen  in  Plate  XIX,  the  exterior  of  the  dome  is  covered 
with  a  strong  frame-work  of  steel  pipe.  This  will  be  covered  during, 
the  spring,  summer,  and  fall  with  gores  of  white  canvas,  laced  on, 
at  a  distance  of  about  two  feet  from  the  sheet-steel  covering  of  the 
dome;  provision  is  made  for  ample  circulation  of  air  beneath  the 
canvas.     This,  together  with  the  white  outer  wall  of  the  building 
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below,  affords  a  complete  sun-protection  for  the  building  and 
dome. 

Furthermore,  the  entire  building  and  dome  are  planned  to  close 
air-tight.  For  this  purpose  a  frictionless  water-seal  is  provided  at 
the  junction  of  the  building  with  the  dome;  and  all  outside  doors  and 
windows  close  tightly  against  hesixy  rubber  packing.  The  dome- 
shutter  also  is  lined  all  around  with  air-tight  cushions  which  can  be 
pressed  tightly  in  place  by  means  of  two  levers  operating  a  series  of 
toggle-joints.  In  the  early  morning,  after  a  night's  work,  the  dome 
and  building  will  be  closed,  not  to  be  opened  until  after  sunset,  and 
thus  a  great  volume  of  120,000  cubic  feet  (3360  cu.  m)  of  cool 
night  air  will  be  shut  in  air-tight.  It  is  believed  that  this  provision, 
together  with  the  complete  sun-protection  of  the  dome  and  building, 
will  reduce  the  rise  of  temperature  within  the  structure  during  the 
day  to  a  very  few  degrees.  This  protection  from  daily  temperature 
changes  should  be  sufficient  for  the  telescope  mounting  and  for  the 
smaller  mirrors.  To  further  protect  the  large  mirror  during  the 
day,  a  small  refrigerating  plant  will  be  installed  within  a  few  months, 
which  will  supply  constant-temperature  air,  at  the  expected  night- 
temperature,  circulating  through  a  jacket  inclosing  the  entire  lower 
end  of  the  telescope  tube.  The  necessity  for  this  protection  of  the 
large  mirror  from  the  daily  rise  and  fall  of  temperature,  to  preserve 
the  finest  optical  figure,  was  fully  demonstrated  by  a  long  series 
of  experiments  in  the  optical  shop  with  this  mirror  after  its  com- 
pletion. 

It  will  be  seen  also  that  a  serious  effort  has  been  made  in  the 
design  of  the  dome  and  building  to  eliminate  the  so-called  dome- 
and  building-effect,  that  is,  the  local  effect  upon  atmospheric  defini- 
tion caused  by  heat-radiation  from,  or  air  currents  in,  the  dome  and 
building,  which  is  often  a  most  serious  detriment  to  the  successful 
performance  of  large  telescopes.  An  hour  after  sunset  the  16  ventilat- 
ing windows  near  the  lower  floor  of  the  building,  the  12  tra]j-doors 
in  the  operating  floor,  and  the  great  dome-shutter,  the  latter  having 
an  opening  16X45  ^^^^  (4-9Xi3.7ni)  in  size,  are  all  opened,  and 
the  light  metal  columns,  girders,  and  walls,  inside  and  outside, 
quickly  assume  the  temperature  of  the  night  air.  The  ventilating 
doors  and  windows  are  then  closed,  to  prevent  draughts.     The  very 
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fine  definition  which  we  have  already  had  on  Mount  Wilson  with  the 
6o-ineh  aperture,  even  on  winter  nij^hts,  indicates  not  only  that  the 
provisions  just  described  are  highly  elTective,  hut  that  the  f^enerai 
atmospheric  conditions  at  nij^ht  on  the  mountain  will  j)rove  suffi- 
ciently good  for  this  and  even  larger  aj)ertures. 

In  this  brief  description  of  the  new  reilector  and  its  accessories, 
I  ha\i'  called  attention  chietly  to  those  refinements  and  special 
features  which,  in  designing  the  instrument,  have  aj)peared  to  me 
necessary.  Mere  bigness  is  no  criterion  of  efl'iciency;  if  a  great 
telescope  is  to  yield  a  gain  in  results  even  approximately  proportional 
to  its  increase  in  size,  the  utmost  care  must  be  given  to  meeting  all 
those  conditions  which  experience  in  the  use  of  large  telescopes  has 
shown  to  militate  against  their  successful  performance.  It  was  a 
most  serious  (juestion  whether  it  would  be  possible  to  give  as  fine  a 
figure  to  the  6o-inch  mirror  as  was  attained  in  the  case  of  the  24-inch 
Yerkcs  mirror;  the  ditTiculties  were  of  course  incomparably  greater, 
but  the  final  figure  of  the  60-inch  is  decidedly  better  than  that  of  the 
smaller  mirror,  and  it  is  confidently  expected  that  the  temperature 
control  will  enable  it  to  remain  so  while  the  telescope  is  in  use.  Simi- 
larly, it  was  a  serious  question  whether  the  moving  parts  of  the  60- 
inch  telescope,  weighing  23  tons  (20,838  kilos),  could  be  made  to 
follow  the  stars  as  smoothly  as  those  of  the  24-inch,  which  weigh  one 
ton  (907  kilos);  such  smoothness  of  following  is  of  course  necessary 
for  the  finest  results  in  photography;  and  it  must  be  remembered  that 
much  greater  smoothness  and  accuracy  of  motion  are  actually  re- 
quired in  the  large  instrument,  on  account  of  its  greater  focal  length 
and  magnifying  power.  It  is  therefore  a  great  satisfaction  to  see 
the  star  in  the  guiding  eyepiece  of  the  60-inch  remain  perfectly 
bisected  on  the  spider-Knes  for  several  minutes  at  a  time,  without 
perceptible  tremor,  and  in  addition,  frec[uently  to  see  the  image  of 
the  guiding  star  itself,  even  with  winter  conditions,  as  small  and 
sharp,  and  with  its  diffraction  pattern  as  clearly  cut,  as  I  have  ever 
seen  in  the  24-inch  at  Yerkes. 

For  the  successful  performance  of  the  new  reflector,  special  credit 
is  due  to  Mr.  Jacomini,  foreman  of  the  instrument  shop  of  the  Obser- 
vatory; to  Mr.  Barnes,  Mr.  Schrock,  and  Mr.  Kinney,  for  their  great 
care  and  skill  in  the  optical  work,  and  to  Mr.  Dowd,  for  the  installa- 
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tion  of  the  complicated  electrical  work  of  the  telescope  mounting 

and  dome. 

I  am  indebted  also  to  Director  Hale  for  the  opportunity  afforded 
me  to  carry  out  in  their  entirety  my  plans  for  the  great  reflector  and 
its  dome,  building,  and  accessories. 

Janttary  7,  1909 


THE   ULTRA-\1()LI':T  AliSORPTlUX    SPKCTRA  OF   CER- 
TAIN METALLIC  VArORS  AND  THEIR  MIXTURES 

Hy   R.  \V.  wood  and  n.  V.  fHTHRIH 

It  has  been  found  l)y  one  of  the  ])rcsc'nt  writers  that  the  absorption 
spectrum  of  a  substance  in  the  state  of  a  vapor  may  be  modificfl  by 
the  presence  of  another  gas  or  vapor,  in  such  a  way  as  to  indicate 
that  there  is  some  interaction  between  the  molecules.  In  the  case 
of  iodine  vapor'  mixed  with  the  vai)or  of  ether  or  bisulphide  of  carbon 
of  a  given  density,  if  the  iodine  is  not  present  in  excess  we  have  the 
absorption  s])eclrum  which  is  characteristic  of  iodine  solutions,  i.  e., 
a  broad  band  which  obliterates  the  blue-green  and  violet  region. 
If  a  little  more  iodine  is  added  we  get  at  once  the  absorption  spectrum 
of  gaseous  iodine,  a  spectrum  containing  hundreds  of  fine  lines  in 
the  orange  and  yellow  region.  In  other  words,  a  given  quantity 
of  ether  vapor  of  a  given  density  is  able  to  dissolve  a  given  quantity 
of  iodine,  any  excess  of  the  latter  substance  existing  in  the  gaseous 
state,  that  is,  with  its  molecules  unaffected  by  the  other  vapor. 

A  phenomenon  of  a  different  nature  has  been  observed  in  the 
case  of  mercury  vapor, ^  which  has  a  strong  absorption  band  at  wave- 
length X  2536.  If  the  vapor  is  evolved  in  a  vacuum,  this  band  broadens 
rapidly  on  the  less  refrangible  side,  attaining  a  width  of  three  or 
four  hundred  Angstrom  units.  There  is  little  or  no  broadening  in 
the  other  direction.  If  air,  hydrogen,  helium,  nitrogen,  or  some 
other  inert  gas  is  present,  the  band  broadens  symmetrically  at  lirst, 
and,  after  acquiring  a  certain  width,  continues  to  increase  only  in 
the  direction  of  longer  wave-lengths. 

The  marked  unilateral  broadening  of  the  mercur}-  band  is  in  itself 
a  point  of  interest,  and  has  been  recently  discussed  by  Larmor,^  who 
suggests  that  the  unsymmetrical  nature  of  the  band  may  be  due  to 
the  formation  of  loose  molecular  aggregates,  which  on  account  of 
mutual  influence  tend  to  vibrate  in  longer  periods,  and  so  give  rise 
to  the  displaced  part  of  the  band.     Another  interesting  case  of  this 

■  Wood,   "Absorption  Spectra  of    Solutions  of  Iodine  and  Bromine  above  the 
Critical  Temperature,"  Phil.  Mag.,  41,  423,  May  1896. 
^  Wood,  Astro  physical  Journal,  26,  41,  1907. 
3  Astro  physical  Journal,    26,    120,    1907. 
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kind  is  described  by  Lyman,'  who  finds  an  absorption  band  for  oxygen 
in  the  extreme  ultra-violet,  which  exhibits  markedly  unsymmetrical 
broadening.  He  applies  Larmor's  explanation  to  this  band,  observ- 
ing that  the  conditions  demanded  by  the  theory  exist  in  the  case  of 
oxvgen.  Since  absor])tion  bands  of  this  character  possess  much 
interest,  it  is  important  to  find  whether  they  exist  in  case  of  other 
metallic  vapors  besides  that  of  mercury. 

OBJECTS    OF    INVESTIGATION 

The  present  investigation  was  undertaken  with  the  following 
objects  in  view. 

1.  To  obtain  the  absorption  spectra  of  certain  metallic  vapors, 
particularly  in  the  ultra-violet  region  of  the  spectrum,  where  they 
have  not  been  studied  heretofore. 

2.  To  observe  the  manner  in  which  the  absorption  bands  of  each 
metal  behave  with  increasing  vapor-density. 

3.  To  determine  whether  the  absorption  bands  are  affected  in 
any  way  by  the  presence  of  a  foreign  substance. 

APPARATUS    AND    METHODS 

A  small  quantity  of  the  metal  to  be  studied  was  pkced  in  a  quartz 
bulb  of  10  or  15CC  capacity,  which  was  then  exhausted  and  sealed. 
Quartz  furnishes  a  very  efficient  material  for  use  in  examining  the 
absorption  of  metals  which  volatilize  at  a  temperature  only  moderately 
high,  for,  in  addition  to  its  transparency  to  ultra-violet  hght,  it  does 
not  soften  in  the  hottest  flame  of  the  ordinary-  blast  lamp  and  so  can 
withstand  great  pressures  of  the  inclosed  vapor.  Prolonged  heating 
of  the  bulbs  in  the  flame  of  the  Bunsen  burner  causes  them  to  become 
incrusted  on  the  outer  surface  with  a  material  which  was  quite 
opaque  to  the  shorter  wa,ve-lengths,  apparently  due  to  a  sort  of  devit- 
rification of  the  quartz.  This  could  be  removed,  however,  and  the 
transparency  of  the  bulb  restored,  by  heating  it  to  the  softening  point 
for  a  short  time  in  the  oxy-hydrogen  flame. 

As  a  source  of  light,  a  spark  discharge  between  cadmium  electrodes 
was  used,  a  Leyden  jar  or  a  condenser  being  placed  in  j)arallcl  with 
the  secondary  circuit.  This  source  furnishes  a  strong  and  fairly 
uniform   continuous   spectrum    in    addition   to   the   scattered    lines. 

'  Astro  physical  Journal,  27,  X7,   igo.S. 
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Whenever  practicable  the  bulb  \va>  phu  ed  in  a  >mall  air  bath,  formed 
of  a  |)iece  of  iron  tubing  not  much  greater  in  diameter  than  the  bulb, 
with  >mall  holes  cut  in  the  sides  to  j)ermit  the  light  to  pa>s  through  it. 
To  determine  the  temperature  in  the  air  bath,  a  i)latinum-rhodium 
thcrmo-couj)le  connected  with  a  galvanometer  reading  the  temj)era- 
ture  directly  up  to  1400°  was  use<l.  The  highest  temperature  that 
could  be  secured  in  the  air  l)ath,  heating  it  with  two  large  burners 
with  strong  air  blast,  was  about  700°,  so  when  higher  temj)eratures 
were  necessary  the  bulb  was  heated  directly  in  the  flame  of  the  burner 
or  blast  lamp. 

In  part  of  the  work  a  quartz  lens  was  used  to  bring  the  light  from 
the  spark,  after  passing  through  the  cjuartz  bulb,  to  a  focus  on  the 
slit  of  the  spectrograph,  but  usually  it  was  found  advisable  to  pass  the 
light  of  the  spark  directly  through  the  bulb  into  the  instrument,  the 
spark  being  distant  12  or  15  cm  from  the  slit,  and  the  quartz  bulb 
about  half-way  between  the  two.  The  instrument  used  to  photograph 
the  spectra  was  a  small  quartz  spectrograph.  A  device  attached  to 
the  plate-holder  enabled  it  to  be  raised  by  successive  steps,  so  that  the 
spectra  could  be  photographed  in  succession  as  the  temperature  was 
raised  and  the  vapor-density  increased.  The  plates  used  were  Seed's 
26.  The  range  of  the  spectrum  which  could  be  investigated  extended 
from  about  X  5200  to  X  2150. 

OBSERV.ATIONS   AND    RESULTS 

I,  Cadmium. — Two  absorption  h'nes  were  found  for  cadmium, 
corresponding  to  the  emission  lines  A  2288.  i  and  /  3261 .  2,  the  former 
being  much  the  more  prominent.  As  the  vapor  in  the  bulb  increases 
in  density  the  emission  line  of  the  spark  /  2288  appears  bisected  by  a 
fine  dark  line,  the  widening  of  which  finally  obliterates  the  bright  line 
entirely  (Fig.  i).  The  dark  band  eventually  attains  a  width  of  nearlv 
200  A.  U.  The  other  absorption  line  makes  its  appearance  in  a  differ- 
ent manner.  There  are  two  bright  lines  in  the  Cd  spark  spectrum  at 
wave-lengths  3251  and  3261.  As  the  vapor  in  the  bulb  increases  in 
density  the  latter  bright  line  gradually  fades  away,  disappearing 
entirely  at  one  stage.  Its  place  is  then  taken  by  a  dark  Hne,  which, 
however,  never  becomes  ver\'  broad  with  the  vapor-densities  used  in 
the  present  work.     This  apparent  difference  in  the  manner  in  which 


214  ^    ^' •  ^VOOD  AND  D.   V.  GUTHRIE 

the  absorption  line  makes  its  apj^earance  is,  \vithout  doubt,  to  be  attrib- 
uted to  the  smaller  dispersion  of  the  quartz  spectrograph  for  this 
region  of  the  spectrum. 

The  absorption  is  relatively  weaker  than  that  of  the  line  X  2288, 
for  the  bright  line  A  3261  is  not  obhterated  until  the. A  2288  hne  has 
attained  the  width  shown  in  the  lower  two  spectra  of  Fig.  i,  Plate 
XX.  The  hne  A  3261  is  not  shown  in  this  figure,  but  it  appears  in 
Fig.  2.  These  two  lines  are  the  only  ones  in  the  cadmium  spectrum 
which  show  any  trace  of  absorption,  though  vapor  of  such  density 
has  been  used  that  the  line  at  A  2288  broadened  nearly  to  the  cad- 
mium line  at  A  2572. 

The  manner  of  broadening  of  the  absorption  bands  with  increasing 
vapor-density  was  then  studied.  It  was  found  that  in  a  vacuum,  no 
foreign  substance  being  present  with  the  cadmium,  the  band  A  2288 
broadens  perfectly  symmetrically,  the  broadening  amounting  to  con- 
siderably more  than  100  A.  U.  on  each  side  at  the  highest  tempera- 
tures employed.  It  was  found,  however,  in  working  with  zinc  in  which 
a  little  cadmium  was  present  as  an  impurity,  that  when  mercury  was 
added,  this  absorption  band  appeared  to  broaden  only  on  the  side 
toward  the  longer  wave-lengths. 

In  order  to  determine  whether  this  was  really  an  effect  of  the 
mercurv  upon  the  cadmium,  a  bulb  was  prepared  containing  cadmium 
and  a  little  mercury.  In  this  case  there  was  a  marked  unsymmetrical 
broadening  of  the  absorption  band  at  A  2288  (Fig.  2).  The  band 
broadens  a  little  on  the  more  refrangible  side,  especially  at  the  higher 
temperatures,  but  very  much  more  on  the  less  refrangible  side.  The 
emission  line  reverses  on  the  less  refrangible  side  first,  instead  of  in 
the  center  as  before,  and  the  absorption  band  has  extended  almost 
as  far  as  the  emission  line  A  2307  by  the  time  the  more  refrangible  edge 
of  the  emission  hne  A  2288  has  entirely  disap])carcd  (Fig.  2).  Mercury 
vapor,  even  when  very  dense,  shows  no  absorption  band  at  this  ])oint, 
though  there  is  a  fairly  strong  band  at  A  2338  and  another  very  broad 
one  at  A  2140.  Measurements  on  one  of  the  negatives  in  which  the 
band  had  attained  a  considerable  width  gave  the  following  result: 

More  refrangible  limit X  2415 .  i 

Less  refrangible  limit X  2270.6 

Mean X  2342 . 9 
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showing  that  an  apparent  shift  of  the  mean  \va\t'-k"ngth  of  the  ]y<\m\ 
from  the  position  of  the  emission  line  (A  2288. 1)  amounting  to  about 
55  A.  U.  has  taken  place.  Similar  measurements  on  negatives  repre- 
senting the  absor])tion  of  jnire  cadmium  showed  that  the  distance  of 
each  limit  of  absorption  from  the  emission  line  was  the  same,  to  within 
the  limit  of  error  of  observation.  The  shift  is  of  course  only  apparent, 
for  the  densest  or  heaviest  |)art  of  tlie  band  remains  in  the  position  of 
the  emission  line. 

This  elTect  is  all  the  more  remarkable  in  that  it  forms  a  contrast 
to  the  behavior  of  the  mercury  band  at  A  2536,  which  broadens  unsym- 
metrically  in  vacuo,  but  symmetrically  when  a  foreign  gas  is  present. 
However,  this  effect,  as  clearly  as  that, affords  an  instance  of  a  modifica- 
tion in  the  appearance  and  position  of  an  absorption  band  of  one 
substance  resulting  from  the  direct  influence  of  a  foreign  substance. 
The  absorption  line  at  A  3261  docs  not  appear  to  be  atTectcd,  showing  no 
signs  of  asymmetry  in  either  case.  Its  width,  however,  at  the  tem- 
perature available  was  too  slight  to  enable  any  xevy  definite  conclusion 
to  be  drawn  as  to  the  effect  of  the  mercury  vapor  upon  it.  It  can  be 
seen  in  the  two  lower  spectra  of  Fig.  2.  The  gradual  disappearance 
of  the  bright  line  does  not  show  well  in  the  enlargement.  The 
spectrum  in  which  it  has  just  disappeared  is  marked  with  an  .v. 

2.  Thallium. — ^The  absorption  of  thaUium  vapor  was  next  investi- 
gated. It  was  found  that  when  pure  thallium  was  scaled  up  in  an 
exhausted  bulb  and  its  absorption  examined,  three  or  four  faint  absorp- 
tion bands  were  to  be  seen,  appearing  at  about  400°  and  not  becoming 
strong  even  at  the  highest  temperatures.  When  now  a  little  mercury 
was  added  to  the  thallium,  and  its  absorption  studied  under  the  same 
conditions,  a  number  of  other  absorption  hnes  were  brought  out  which 
did  not  appear  at  the  highest  temperatures  with  the  pure  thalhum, 
while  of  the  absorption  bands  obtained  with  the  thallium  alone,  all 
except  one  disappeared.  Thus  the  appearance  of  the  absorption 
spectrum  is  entirely  changed  by  the  addition  of  the  mercur}\  Further, 
it  was  found  that  the  relative  intensities  of  the  absorption  bands  and 
the  temperatures  at  which  they  first  appear  var\'  in  a  remarkable 
manner  with  the  relative  proportions  of  mercun,^  and  thalHum. 

The  spark  spectrum  of  thallium  was  photographed  and  most  of 
the  absorption  lines  were  found  to  correspond  to  emission  lines,  though 
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there  were  a  few  which  did  not  appear  lo  coincide  with  any  Hne  in  the 
spark  spectrum.  The  absorption  bands  obtained  with  the  ])ure 
thallium  were  (see  Fig.  3): 

a)  A  fairly  sharp  but  faint  absorption  line  corresponding  to  the 
emission  line  /  2380.  This  is  the  only  absorption  line  which  appears 
under  all  conditions,  both  with  and  without  the  addition  of  mercury. 
In  the  present  case,  with  pure  thallium,  it  never  became  strong,  even 
at  the  higher  temperatures. 

b)  A  broad  and  faint  absorption  band  lying  very  near  the  emission 
line  A  2530.0  on  the  side  of  shorter  wave-lengths.  Its  mean  wave- 
length was  about  2510. 

c)  A  band  resembling  the  last  but  even  fainter,  and  bordering  on 
the  emission  line  at  A  3092  but  lying  on  the  less  refrangible  side  of 
this  line. 

d)  A  group  of  three  lines,  faint  and  not  very  sharp,  lying  very  close 
together  and  uniformly  spaced.  The  middle  component  coincides 
with  the  emission  line  at  A  3230. 

Though  these  bands  appear  at  a  comparatively  low  temperature 
(about  400°)  they  change  very  little  either  in  width  or  intensity  as  the 
temperature  is  further  increased,  a  circumstance  which  suggests  that 
they  may  be  due  to  some  easily  volatilized  impurity. 

Some  prehminary  experiments  with  bulbs  containing  different 
proportions  of  thallium  and  mercury  showed  that  with  these  mixtures 
aVjsorption  could  be  obtained  in  the  case  of  several  other  hnes,  appear- 
ing at  different  temperatures  in  the  different  cases.  In  order  to  study 
the  phenomenon  (quantitatively,  a  series  of  bulbs  was  examined  con- 
taining definite  amounts  of  thallium  and  mercury.  First,  150  mg  of 
thallium  was  weighed  out  and  inserted  in  a  bulb  of  about  10  cc 
capacity.  Then,  the  amount  of  thaUium  being  kept  constant,  six  dif- 
ferent amounts  of  mercur>'  varying  from  6  to  150  mg  were  tried  with 
it.  In  the  first  case,  although  the  amount  of  mercury  was  very  small, 
the  mercury  absorj)tion  band  at  /  2536  remaining  ([uite  narrow  at  the 
highest  temperatures,  this  small  quantity  of  mercury  was  sufficient  to 
atTect  the  absorption  very  markedly,  bringing  out  very  clearly  absorp- 
tion lines  corresponding  to  the  emission  lines  at  A  2580,  A  2768,  and 
A  3776  (Fig.  4,  Plate  XXI),  and  causing  all  the  absorption  bands 
found  with  the  pure  thallium  except  the  one  at  A  2380  to  disappear. 
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Absorption  in  the  case  of  the  line  A  2580  can  be  seen  only  when  the 
amount  of  mercury  in  the  bulb  is  >mall.  for  owini^  to  the  proximity 
to  the  mercury  band  A  25  ^6  it  is  hidden  by  the  broadeninj^  of  this  band 
unless  the  band  remains  (|uite  narrow.  Previous  ex])erimcnts  made 
by  one  of  us  have  shown  that  the  mercury  band  at  /  2536  even  with 
ven'  dense  vajwr  expands  only  a  few  Angstrom  units  on  the  short 
wave-leni^th  side,  unless  air  or  some  other  i^as  is  i)resenl  in  which 
case  it  may  extend  almost  as  far  down  as  the  thallium  band  at  /  2510. 
With  thallium  and  mercury,  it  apparently  extends  much  farther  down 
the  spectrum;  this  change  is  only  apparent,  however,  for  we  arc  deal- 
ing with  two  bands  which  fuse  together  when  the  vajwr  mixture 
is  dense.  The  thallium  band  at  A  2510  broadens  symmetrically,  while 
the  mercury  band  at  A  2536  broadens  only  on  the  side  of  longer  wave- 
lengths. There  arc  also  indications,  at  high  temperatures,  of  absorp- 
tion corresjionding  to  the  line  X  2237.9  ^^  one  or  two  instances,  when 
the  amount  of  mercury  present  is  small,  this  part  of  the  spectrum  being 
also  obliterated  in  other  cases  by  the  strong  absorption  of  mercurv-  in 
the  extreme  uhra-violet.  As  the  amount  of  mercury  was  increased,  up 
to  a  certain  })oint  the  absorption  lines  ap|)eared  at  successively  lower 
temperature:;.  Thus  for  the  two  cases  where  the  amounts  of  mercun' 
were  6  mg  and  25  mg,  the  ratios  of  the  amount  of  mercur}'  to  the  amount 
of  thallium  being  i :  25  and  1:2,  the  temperatures  at  which  the  absorp- 
tion lines  could  be  first  detected  were  as  follows : 


.Ratio  Hg  to  Tl 

A  2380 

A  2580 

A  2768 

*3776 

1:2^ 

600° 
400 

900°  (est.) 
700 

600° 
400 

9cx)°  (est.) 
300 

'■' 1 

The  temperatures  given  are  those  of  the  air  bath  as  indicated  by  the 
thermo-cou{)le,  except  those  over  700°,  when  the  bulb  was  heated  in 
the  flame  and  the  temperature  estimated.  For  intermediate  amounts 
of  mercurv'  the  temperatures  at  which  absorption  appeared  lay  between 
these  limits.  As  the  proportion  of  mercury  is  still  further  increased 
beyond  that  in  the  second  case  above,  the  absorption  lines  do  not 
appear  at  tcmj)cratures  any  lower  than  these. 

This  effect  of  mercury  in  bringing  out  absorption  lines  of  thallium, 
which  do  not  appear  when  pure  thallium  is  examined  under  the  same 
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conditions,  appears  to  be  quite  analogous  to  some  observations  of 
Livcing  and  Dewar  {Proc.  R.S.,  27,  132,  350,  1878),  who  found  that 
the  red  Une  of  lithium,  /  6103,  could  be  obtained  reversed  only  when 
both  sodium  and  potassium  were  ])resent.  They  found  also,  in  studying 
the  absorption  of  magnesium,  that  when  sodium  was  present,  a  line  at 
X  5300  could  be  seen  reversed  and  when  potassium  was  present,  two 
lines,  at  A  6580  and  X  6475,  these  absorption  lines  being  obtainable 
only  with  the  mixtures.     They  suggest  that 

a  very  slightly  volatile  vapor  may  be  diffused  in  an  atmosphere  of  a  more  volatile 
metal,  so  as  to  secure  a  sufficient  depth  of  vapor  to  produce  a  sensible  absorption. 
This  would  be  analogous  to  well-known  actions  which  take  place  in  the  attempt  to 
separate  organic  bodies  of  very  different  boiling  points  by  distillation,  where  a 
substance  of  high  boiling  point  is  always  carried  over,  in  considerable  quantity, 
with  the  vapor  of  a  body  boiling  at  a  much  lower  temperature. 

It  seems  quite  probable  that  something  of  this  kind  occurs  in  the 
present  case. 

It  has  been  mentioned  that  in  the  series  of  experiments  just  described 
in  which  150  mg  of  thallium  was  used  in  the  bulb  and  the  amount 
of  mercury  varied,  all  of  the  absorption  bands  found  with  the  pure 
thallium  except  A  2380  disappear.  The  amount  of  mercury  was 
now  kept  constant  (about  i5omg)  and  the  amount  of  thallium  varied. 
The  surprising  result  was  obtained  that  as  the  amount  of  thallium  in 
the  bulb  is  increased  above  the  amount  used  before,  these  absorption 
bands,  which  had  disappeared  in  the  former  case,  reappear,  and  as 
the  amount  of  thallium  is  still  further  increased,  they  finally  become 
very  much  stronger  than  with  the  pure  thallium  (Fig.  5  shows  this 
effect).  The  most  remarkable  result  was  obtained  with  a  bulb  con- 
taining a  large  amount  of  thallium  (Figs.  6  and  7).  The  bands 
just  mentioned  appear  in  this  case  at  between  300°  and  350°,  being 
faint  at  first  but  rapidly  becoming  stronger,  and  finally  at  400°  and 
higher  becoming  very  broad  and  intense,  being  almost  as  prominent 
as  the  mercury  bands.     The  temperatures  are  recorded  in  the  figures. 

The  circumstance  which  strikes  one  as  inost  remarkable  is  that 
when  there  is  but  a  small  amount  of  thallium  present  (Fig.  4)  the 
absorption  lines  at  A  2768  and  3776  are  very  consjMcuous,  while  there 
is  no  trace  of  the  strong  bands  A  3092  and  3230.  With  a  large  amount 
of  thallium  we  have  the  latter  bands  very  conspicuous  and  little  or 
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no  trace  of  the  former  (Fij^s.  5,  6,  and  7).  This  is  especially  notice- 
able in  Fig.  7,  in  which  the  line  at  A  3776  only  a|)|)ears  in  the  lowest 
spectrum  obtained  at  a  uni|)i'rature  of  about  cSoo*^.  Whether  this 
is  a  matter  of  the  solution  of  thallivmi  vai)or  in  the  vai)or  of  mercury 
is  a  question.  At  the  temj)eratures  used  it  must  be  remembered  that 
only  a  very  minute  proportion  of  the  total  amount  of  thallium  present 
is  vaporized  in  any  case. 

In  addition  to  the  bands  which  appearerl  in  former  cases,  there 
are,  in  this  case  (P'igs.  6  and  7),  two  strong  bands  lying  between  the 
bands  at  /  3092  and  the  trii)let  at  X  3230,  of  which  there  were  perhaps 
faint  traces  with  the  pure  thallium,  and  also  a  number  of  fine  lines 
lying  near  the  band  at  A  3230  on  the  less  refrangible  side,  which  are 
not  represented  on  any  of  the  former  negatives.  The  wave-lengths 
of  these  absorption  bands  were  measured.  It  was  not  ])ossible  to 
determine  them  very  accurately,  but  the  values  given  are  correct 
to  within  a  few  tenths  of  an  Angstrom  unit.  For  the  two  wider 
bands  the  limits  of  absorption  were  measured,  while  for  the  finer  ones 
a  setting  was  made  on  the  middle  of  each,  the  average  width  being 
about  3  A.  U.  The  temperature  in  this  case  was  700°.  The  values 
obtained  are  as  follows : 

Limits  of  Absorption  Mean 

31459  I  ,,-rt    , 

^^^9"[ 3188.5 

Mean  Wave-Length  (width  about  3 .  o) 

3267 -9  3308.4 

3279-7  33205 

32894  3337-6 

32974  3350-1 

None  of  these  absorption  bands  corresponds  to  any  emission  line. 
The  triple  line  at  X  3230  appears  shortly  before  the  other  bands,  the 
most  refrangible  component  being  the  strongest  at  first,  though  this 
is  not  the  one  that  coincides  with  an  emission  line.  The  three  lines 
merge  into  one  and  appear  as  a  strong  band  at  about  700*^.  The 
positions  of  the  edges  of  these  lines  and  of  the  band  at  /  3092  were  also 
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6-i 
I32: 


400 


700 


323^ 
36 
3239 
3220 
3225 
3228 
3233 
3236 
3241 
3218 


measured  at  different  temperatures,  the  values  obtained  being  as 
follows : 

Limits  of  Absorption  Mean 

;  ■?220.2   ) 

/"'  > 3222.  I 

I  3224.0  ) 

o  ^3228.4) 

35o°---  xl„  ^  J 32299 

g[ 32383 

^i 32230 

"^  [ 32309 

8| 

^} 32392 

2) 

1  -   ,         ( 3240- 2 

(  3262.1  ) 


*  The  three  merged  into  one. 

It  will  be  observed  that  when  the  lines  first  appear,  the  middle 
component  of  the  triplet  coincides  with  the  emission  hne  at  A  3229.9, 
and  that  with  increasing  temperature  they  broaden  at  first  only  on 
the  less  refrangible  side,  though  after  merging  into  a  wide  band  a 
slight  extension  toward  the  side  of  shorter  wave-lengths  is  perceptible. 
For  the  band  near  /  3092  the  following  values  were  obtained: 

Mean 


400 


Limits  of  Absorption 
3091.9 
3126.3 


700" 


j  3081.3) 
(  31346  [ 


3109. I 

31080 


It  is  to  he  noticed  that  the  band  when  it  first  appears  just  touches 
the  position  of  the  emission  line  at  /  3091.9  on  its  more  refrangible 
edge,  broadening,  however,  so  as  to  cover  it,  the  broadening  being 
probably  symmetrical. 

The  manner  of  broadening  of  the  thallium  absorption  bands  with 
increasing  vapor-density  was  also  investigated.  Difficulty  was  experi- 
enced in  getting  the  absor])tion  bands  to  broaden  sufficiently  to  draw 
definite  conclusions  as  to  their  behavior,  but  hnally  on  healing  one  of 
the  bulbs  containing  thallium  and  mercury  in  the  hottest  flame  of 
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tht'  l)last  lamp,  some  of  the  bands  brought  out  by  the  mere  ury  attained 
a  \vi<hh  of  15  or  20  Angstriim  units.  The  broadening  of  the  Ininds 
X  2768  and  X  .i77<)  was  found  to  be  (|uile  imsymmetrieal,  the  exten- 
sion on  the  side  of  lonj^er  wave-lengths  being  very  much  greater  than 
on  the  oj)posite  side,  Hke  that  of  the  mercury  band  X  2536,  though 
not  so  marked  a-  in  that  case.  The  appearance  of  these  bands  as 
they  broaden  also  resembles  that  of  the  mercury  band,  as  the  limit  of 
absor])tion  remains  very  sharply  delined  on  the  more  refrangible  edge, 
but  becomes  very  hazy  and  ill  delined  on  the  other  side,  on  which  the 
extension  mainly  occurs.  This  can  be  seen  in  Fig.  4.  The  line  /  2380 
appears  to  broaden  symmetrically.  As  already  mentioned  in  a 
former  part  of  the  work,  the  lines  at  X  3230  broaden  toward  the  less 
refrangible  side,  while  the  wide  band  near  /  3092  probably  broadens 
symmetrically. 

The  following  measurements  of  the  wave-lengths  of  the  limits 
of  absorption  for  the  bands  X  2768  and  X  3776  clearly  indicate  the 
unsvmmetrical  character  of  the  broading  for  these  wave-lengths. 
The  observations  are  taken  at  three  successive  temperatures,  the 
lowest  being  well  above  700°  and  the  highest  in  the  hottest  blast- 
lamp  flame.     They  are  estimated  as  800°,  900°,  and  1000°. 

Temperature  Edges  of  Band 

2767.2 
800  = 


900 


2769.1 
2766.5  ] 

(   27773  ) 
^  2765.4/ 

000 -:  /■ 

i  27792  ) 

800° Just  visible 

900° U773-6 


Mean 

Emission  Line  at 

2768.2    \ 

2769.9     V 

2768.1 

2772.3    1 

3775-9    \ 

3776.5     / 

3775-9 

•3779-4 


(  3779-3 
3772.4/ 
1000   <  t 

As  the  unsymmetrical  broadening  of  the  cadmium  band  /  2288 
is  caused  only  by  the  addition  of  mercury,  it  would  be  interesting  to 
observe  the  behavior  of  these  thallium  bands  with  the  pure  thallium, 
but  at  the  temperatures  which  could  be  attained  in  the  present  work 
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it  was  not  possible  to  obtain  these  absorption  bands  except  when 
mercur)'  was  added  to  the  thallium. 

It  was  thought  possible  that  cadmium,  which  volatilizes  at  a 
much  lower  temperature  than  thallium,  might  have  the  same  effect  as 
mercury  in  bringing  out  thallium  absorption  bands,  and  so  a  mixture 
of  thallium  and  cadmium  was  examined  for  absorption.  The 
absorption  of  neither  substance  was  modified  by  the  presence  of 
the  other,  however,  the  thallium  absorption  being  the  same  as  with 
pure  thallium  and  the  cadmium  band  A  2288  broadening  symmetri- 
cally and  not  showing  the  peculiar  unsymmetrical  effect  caused  by 
the  addition  of  mercury. 

Observations  were  also  made  to  ascertain  whether  the  addition  of 
mercury  to  sodium  has  any  eft'cct  upon  the  temperature  at  which  the 
D  lines  appear  in  the  absorption  si)cctrum.  For  this  purpose  pure 
sodium  and  several  mixtures  of  sodium  and  mercury  in  different 
proportions  were  sealed  up  in  exhausted  glass  bulbs  and  the  light 
from  a  carbon  arc,  after  passing  through  the  bulb  contained  in  an 
air  bath  of  which  the  temperature  could  be  observed,  was  received 
on  the  slit  of  a  spectroscope.  No  effect  was  observed,  however,  the 
temperature  at  which  the  D  lines  first  appeared  as  absorption  lines 
being  practically  the  same  in  all  cases. 

3.  Other  metals. — ^The  absorption  of  zinc  was  examined  both  with 
and  without  the  addition  of  mercury.  In  no  case  did  any  trace  of 
absorption  appear  in  the  region  of  the  spectrum  investigated,  although 
zinc  volatilizes  at  a  much  lower  temperature  than  thallium.  It  seem.ed 
probable  that  resuhs  might  be  obtained  with  magnesium,  which  also 
volatilizes  at  a  comparatively  low  temperature,  and  has  several  lines 
which  are  often  seen  reversed,  but  when  heated  the  magnesium 
attacked  the  surface  of  the  quartz,  rendering  it  opaque,  and  making  it 
im])ossible  to  work  with  this  metal.  The  absorption  of  magnesium 
vapor  was  then  investigated  by  passing  the  light  of  the  cadmium 
spark  through  the  vapor  contained  in  a  long  porcelain  tube,  the  ends 
of  which  were  closed  by  quartz  plates,  which  was  heated  by  means 
of  a  Heraeus  electrical  furnace.  Rather  strong  absorption  was 
found  corresponding  to  the  emission  line  X  2852.2,  but  nowhere  else 
in  the  spectrum.  In  j)articular,  visual  observations  revealed  no 
trace  of  absorption  for  the  lines  of  the  h  group,  even  at  the  highest 
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tcmj)tTaturcs,  w liieh  were  jjrobiihly  well  above  1000°.  The  inlluencc 
of  mercury  was  investigated,  but  its  presence  was  found  to  have  no 
effect  on  the  absorption  of  the  magnesium  va]K)r. 

The  absorjMion  of  tin,  of  lead,  and  of  l)ismuth  was  also  investigated. 
As  these  metals  volatilize  at  a  higher  temperature,  though  still  lower 
than  thallium,  a  little  mercury  was  added  in  each  case  with  the  idea 
that  it  might  help  on  absorption,  as  with  thallium.  No  absorjuion 
was  observed,  however,  with  any  of  these  metals. 

SIMMARY   OF   RESULTS 

The  results  of  the  foregoing  investigation  may  be  summarized 
as  follows: 

1.  The  absorption  of  cadmium  vapor  in  the  ultra-violet  region 
of  the  spectrum  was  investigated  and  two  absorption  bands  were 
found,  one  corresponding  to  the  emission  line  at  X  2288,  the  other 
to  A  3261.     Of  these  the  former  is  much  the  more  prominent. 

2.  The  cadmium  absorption  band  /  2288  was  found  to  broaden 
perfectly  symmetrically  when  the  pure  cadmium  was  examined,  but 
when  mercury  was  added  showed  a  marked  asymmetry,  broadening 
much  more  on  the  less  refrangible  than  on  the  opposite  side. 

3.  The  absorption  of  thallium  vapor  was  investigated,  and  with 
the  pure  thallium  four  absorption  bands  were  found,  two  correspond- 
ing to  the  emission  lines  at  X  2380  and  /  3230  respectively,  one 
lying  near  A  2530,  on  the  more  refrangible  side,  and  one  lying  on  the 
less  refrangible  side  of  X  3092. 

4.  With  a  moderate  amount  of  thallium  in  the  bulb  all  these 
bands  (except  A  2380)  disappear  when  mercury  is  added,  but  as 
the  quantity  of  thallium  present  is  increased  they  reappear,  and 
tinally  become  much  stronger  than  with  the  pure  thallium.  On 
adding  mercur}-  other  bands  also  appear  which  are  not  found  with 
pure  thallium.  Among  these  are  bands  corresponding  to  emission 
lines  at  A  2580,  A  2768,  and  A  3776. 

5.  The  behavior  of  these  bands  with  increasing  vapor-density 
was  studied,  and  some  of  the  bands,  notably  A  2768  and  A  3776, 
showed  a  marked  asymmetry,  broadening  chiefly  on  the  less  refran- 
gible side. 

Johns  Hopkins  University 
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ELEVEN    STARS   HAVING   VARIABLE   RADIAL 
VELOCITIES 

By  \V.  \V.  CAMPBELL 

In  the  course  of  the  regular  observing  programme  with  the  ]Mills 
Spectrograph  the  following  stars  have  been  found  to  have  variable 
radial  velocities.  The  types  of  spectra  are  taken  from  the  Harvard 
College  Observatory  Annals. 

7  Perse/  (a  =  2h  57^6;    5= +53°  7') 


1897, 


1899, 
1901, 
1904, 
1904, 
1904, 
1906, 
1908, 
1908, 


■  Date 

Januan'  19. . . 
September  16 
November  14 

Julys 

December  4 . . 
October  25. . . 
October  31. . . 
November  23 
September  19 
October  31. . . 
November  2 . 


Velocity 


Measured  bv 


—  0.9  km 
+  0.5 

—  I.I 
-03 
-2-5 
+  5-5 
+  7 

+  5 
+  0.9 
-0.7 
+  0.1 


Reese 

Reese 

Reese 

Reese 

Reese 

Miss  Hobe 

Moore  *• 

Moore 

Moore 

Moore 

Moore 


The  type  of  spectrum  is  G.  This  star  is  on  the  Harvard  list  of 
stars  showing  composite  spectra.  The  variable  velocity  was  detected 
by  Mr.  Moore.     Its  period  is  probably  long. 


I  Tawri  (a  =  3h  21 'P8;    5= +9°  23') 


Date 


1903,  November  24 

1903,  December  7. 

1904,  January  26. . 
1904,  October  18. . 
1908,  November  ir 


Velocity 


Measured  by 


|-- 


38  km 
39 


!: 


59± 
65  ± 

34 
37 


-4 


Campbell 
Moore 

Curtis 
Moore 

Campbell 
Moore 

Campbell 
Moore 

Campbell 
Moore 


X  4481  only 
4481 

4481 
4481 

4481  small  weight 
4481  small  weight 

4481 
4481 

4481  and  X  45.J9 
4481  only 


The  type  of  spectrum  is  A,  with  a  very  broad  Hv,  and  poor  lines 
at  /  4481  and  /  4549.     The  appearance  of  A  4481  seems  to  vary. 
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The  variable  velocity  was  detected  by  Mr.  Campbell. 

0' Tauri  {a  —  4^  22'?g;    *— +  15°39') 


Dale 

Velocity 

Measured  by 

1903,  December  i 

(  +39  km 
I  +37 

+  50± 
+  74 
+  80 

+  17 
+  23 

Curtis 

ioon,  Tanuarv  ^ 

Moore 

1906,  October  4    

1908,  September  8 

1908,  October  21 

1908,  October  25 

The  spectrum  is  of  the  A  type.  The  lines  A  4481  and  X  4549  are 
broad  but  measurable.  The  variability  was  discovered  by  Mr. 
Moore.     Its  period  is  probably  short. 

i  (53)  Eridani  {a  =  4^  33'P6;    5  =  - 14°  30') 


Date 


Velocity 


Measured  by 


1900,  September  25 |        j  +36  km 

I 
1900,  October  16 I 


+  35 
+  33-^ 


1900,  October  2^ 1        ^  T"^-' 


1904,  December  6. 


<  +41 
}  +41.7 


1907,  October  30 j 

1908,  October  13 


43 
43-5 

+  42 


Wright 
Burns 

Wright 
Burns 

Campbell 
Burns 

Moore 
Newkirk 

Moore 
Miss  Allen 
Moore 


This  star's  spectrum  is  type  T.     The  variability  was  discovered 
by  Mr.  Moore.     Its  period  is  probably  long. 


^Aurigae  (a  =  4h55m5;    5=  4-40°  56') 


Date 


Velocity 


Measured  by 


1898,  December  4. . 

1899,  December  3. . 
1903,  December  29. 


+  4  km 
+  0.1 

+  6 

+  5-0 


1906,  September  30. 

1907,  October  10. . . 

1908,  September  27. 
1908,  October  26. . . 


1: 


■3 

•3-4 

+  4 
+  25 
+  20 


Campbell 
Bums 

Campbell 
Burns 

Curtiss 
Moore 

Moore 

Newkirk 

Moore 

Wright 

Wright 
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This  is  one  of  the  stars  described  by  Miss  Maun-  as  having  a 
composite  spectrum. 

The  variation  was  detected  by  Mr.  Wright  on  measuring  the  sixth 
plate. 

pOr70«/5  (o  =  5h8Ti;    5= +2°  45') 


Date 

Velocity 

Measured  by 

1 002   October  14 

(  +34  km 
I  +37-5 

\  +39 
(  +40.5 

^+34 
(  +33-5 

^  +50 
(  +49-4 

\  +36 
+  33 

Curtiss 

Burns 
Moore 

1906,  September  17     

1Q07   November  7 

Newkirk 

Moore 
Newkirk 

Moore 

Miss  Allen 
Moore 

1 008  November  2 

Miss  Hobe 
Moore 

The  spectrum  is  type  I.     The  variabihty  was  detected  by  Mr. 
Moore. 

PCanis  Majoris  (a  =  6h  18T3;    5=  -17°  55') 


Date 

1904,  Januarj'  13. . . 
Februar}'  i . . . 

1907,  November  i. . 
December  17. 

1908,  Januar)-  11. . . 
Februar}'  24. . 
September  11 
October  5 . . . . 
October  9. . . . 
October  13. . . 
October  26 . . . 
November  6. 
November  10 
November  19 
November  28 
November  29 
December  5 . . 


Velocity 


Measured  bv 


+  39.8  km 
+  30.9 

+  39-9 
+  28.3 
+  28.2 
+  330 
+  31-9 
+  40.2 
+  40.0 
+  37-4 
+  35 
+  365 
+  27.0 
+  40.9 
+  28.7 
+  27.0 
+  341 


Albrecht 

Curtiss 

Albrecht 

Plummer 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 

Albrecht 


Poor  focus 


The  type  of  spectrum  is  B.     The  variation  was  discovered  by  Mr. 
Albrecht.     The  period  is  short. 


ELEVEN  STARS  117/7/   VARIMU.I:   VELOCITIES 
yDraconis  {a^ij^^o'^y,    S-+55°is') 
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Date 

1902,  June  22 

1908,  August  6.  .  .  . 

August  31... 

November  2. 

November  17 


Measured  by 


Burns,  Unclcrex[x>scd 

Albrccht,  Underexposed 

Albretht,  Underexjxjsed 

Albrccht 

Albrecht 

Miss  Allen 


The  type  of  spectrum  is  .4.     The  variabihty  was  detected  by  Mr. 
Albrecht. 

yo  Ophiuchi  (a  =  i8h  on>4;    8  =  +  2®  32') 


Observed 

Plate 

G.  M.  T.  of 

Observed 

Computed 

G.  M.  T.  of  Observation 

Radial 

Measured 

Observation 

Radia! 

Radial 

Velocities 

by 

1895.00  + 

Velocities 

Velocities 

1897,  Mav  II  .95 

—  10.68  km 

Burns 

2*360 

—  10. 68  km 

-10.73  km 

1898,  May  4.97 

July  4  84 

-10.18 
-   9.82 

Burns  ) 
Burns  ) 

3423 

—  10.00 

-IO-33 

1901,  April  21 .99 

—   9.26 

Burns 

6-33° 

—   9.26 

—   9.10 

1902,  May  26.90 

-  9-95 

Burns 

7-397 

-   9-95 

-   8.69I 

190;,  June  27.88 

-   7.66 

Nevvkirk 

I 0 . 486 

-    7.66 

-    7.78 

1908,  April  26.99 

-  6.73 

Plummer    ] 

April  26.99 

—   7.62 

Miss  Allen  [■ 

13 -447 

-7.20 

-    7.21 

July  30.80 

-   7.21 

Miss  Allen  ) 

This  is  a  well-known  double  star,  with  components  of  4.5  and 
6.0  magnitudes,  and  revolution  period  of  88  years.  The  spectrum 
of  the  bright  component  is  of  K  type.  Its  radial  velocities  have  been 
measured  as  in  the  first  and  second  columns  of  the  above  table. 
Combining  the  two  observations  of  1898  into  one  mean  result,  and 
the  two  of  1908  similarly,  and  expressing  the  times  in  mean  solar 
years  following  the  beginning  of  the  year  of  periastron  passage  in  the 
system,  we  have  the  fourth  and  fifth  columns.  Assuming  the  parallax 
of  the  star  to  be  o''24,  the  value  of  the  angle  of  inchnation  in  the 
visual  orbit  to  be  —38? 5 7,'  the  relative  masses  of  the  primary  and 
secondary  to  be  as  3  to  2,  and  the  radial  velocity  of  the  center  of  mass 
of  the  system  to  be  —7.4km,  the  computed  values*  of  the  radial 

'  Lohse's  Elements,  III,  has  been  used  {Publ.  des  Astroph.  Obs.  zu  Potsdam, 
20,  143,  1908). 

»  The  method  is  described  in  L.  O.  Bulletin,  3,  81,  1905.  The  velocity  equation 
used  is  v=  +  ^^oj-  — 6^240  cos  (v  +  w),  V  being  the  velocity  of  the  secondan.-  with 
reference  to  the  primar}'. 
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velocities  of  the  primary  arc  as  in  the  sixth  column.  The  fair  agree- 
ment of  the  observed  and  computed  velocities  may  be  held  to  prove 
that  the  angle  of  inclination  of  the  orbit  plane  is  negative;  but  a 
considerably  longer  arc  of  the  ellipse  must  be  described  before  the 
speed  of  the  center  of  the  mass  can  be  determined  accurately;  and 
the  speed  of  the  secondary  is  needed  for  a  computation  of  the  value 
of  the  parallax. 

Ill  Herculis  (a  =  i8h42T6;   5=  +  i8°4') 


Pate 

Velocity 

Measured  by 

1902,  June  15 

190^,  June  21 

\  -63  km 
^  -64 

-36 

-54 

-45 

-43 

-26 

Burns 

Wright 

Wright 

Wright 

Wright 

Wright 

Wright 

1 90S,  August  4 

1908   October  28 

1908,  November  4 

1908,  November  15 

This  star  has  a  spectrum  approaching  the  Orion  type,  but  contains 
some  additional  lines.  The  above  observations,  which  are  to  be  con- 
sidered as  approximate,  depend  upon  measurements  of  but  one  line, 
X  4481. 

The  variable  speed  was  detected  by  Mr.  Wright. 


^  Cygni 

(a  =  i9h35m5;    5= +29°  56') 

Date 

\'elocity 

Measured  by 

1907,  August  29 

1908,  July  13 

Tuiv  24 

—  24  km 

—  24         and  +30  km 

+   3 

+   2 

0 

Moore 
Moore 

Plummer 
Moore 

November  16 

Moore 

The  spectrum  is  classified  as  type  I  in  the  Draper  Catalogue.  The 
velocity  was  suspected  by  Mr.  Plummer  to  be  variable  from  his  meas- 
ure of  the  second  plate.  On  examining  the  first  plate,  recently, 
Mr.  Campbell  noticed  that  two  sets  of  spectrum  lines  are  visible  in 
nearly  equal  prominence.  This  star  is  thus  of  the  class  of  binaries 
in  which  the  spectra  of  both  components  are  recorded. 

Lick  Observatory 
December  1908 


FIVE   STARS    li.WLNG    \  ARIABLK    RADIAL   \  KLlJCITlES 
By  HEBER  D.  CURTIS 

The  following  star^  have  recently  been  shown  to  be  spcctro- 
scopically  double,  in  the  course  of  the  work  of  the  1).  O.  Mills  Ex- 
pedition to  the  Southern  Hemisphere. 

i^  Canis  Major  is  (a— 6^  16^5;  8  — —  30°  a') 


Date 

Velocity 

Measured  by 

1906     Nov.     7 

Dec.   17 

+  35  km 

+  31 
+  38 
+  35 
+  11 
+  12 

+  19 
+  21 
+  22 
+  20 

+  21 
+  17 
+  26 

+  25 
+  29 
+  29 
+  32 
+  27 

Paddock 

Curtis 

Paddock 

1907     Oct.      4 

Oct.    19 

Oct.   30 

Curtis 

Paddock 

Curtis 

Paddock 

Curtis 

Paddock 

Nov.     7 

Nov.    8 

Paddock 
Paddock 

Nov.  12 

Paddock 

Nov.  22 

Paddock 

Nov.  26 

Curtis 
Paddock 

Dec.     2 

Curtis 
Paddock 

Dec.     4 

Paddock 

This  star  is  of  type  B3A  and  five  lines  of  fair  quality  are  available 
for  measurement.  The  binary  character  of  this  star  was  discovered 
by  Mr.  Paddock  from  measures  of  the  third  plate.  The  period  is 
probably  long. 

T  Puppis  (o  =  6h  47™4;  5  =  —  50°  30') 


Date 


\'elocity 


1903  Nov.   15 

1904  Oct.  12 
Dec.     9 

1905  Jan.    24 

Nov.    ID 

1907  Jan.  15 
Jan.  19 
Oct.  4 
Oct.  13 
Nov.  23 


+  39  km 
+  34-4 
+  330 
+  35-^ 
+  34 
+  39-7 
+  40.3 
+  36.6 
+  37.2 
+  340 


Measured  by 


Palmer 

Palmer 

Palmer 

Palmer 

Wright 

Curtis 

Curtis 

Curtis 

Curtis 

Curtis 
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This  star  is  of  type  K  with  very  good  lines.  The  variable  radial 
velocity  was  discovered  by  Mr.  Curtis  from  definitive  measures  of 
the  sixth  plate  and  independently  discovered  by  Mr.  Palmer  from 
measures  made  at  Mount  Hamilton  of  the  first  four  plates  taken. 
Though  the  variation  is  small,  the  character  of  the  lines  is  such  as 
to  leave  no  doubt  of  its  reahty.     The  period  is  long. 

0  VeloruTH  (a  =  8l>  37^4;  5=  —52°  34') 


Pate 

Velocity 

Measured  by 

1904     Feb.     4.657 

Nov.  I";. 8?^ 

4-14  km 

+  14-3 
4-II.1 
4-10.0 
4-11 .0 
4-16.0 
■fi9-8 
4-19-4 
4-18.6 

+  17-4 
4-16.7 
4-27.0 
+  24-7 

Palmer 
Wright 
Albrecht 

Palmer 

Aor    1 3 .  ?7d 

Palmer 

Paddock 

Paddock 

Apr.   26 .  s  1 0     

Oct.    14.885 

Paddock 
Paddock 
Paddock 

Tno8     Tan      i z   770      

Curtis 
Curtis 

Curtis 

(II  Prism) 

This  star  is  of  type  B3A;  it  has  available  six  hnes  of  C,  H,  He, 
and  Mg  of  quite  fair  quahty.  The  variation  in  the  velocity  was 
discovered  by  ]Mr.  Curtis.     The  period  is  probably  long. 

d  Carinae  (a  =  8li  38T5;  5  =  —  59°  24';  Mag.  =4.4) 


Date 

Velocity 

Measured  by 

4-72  km 
4-62 

+  ->?, 
4-46 
4-48 
+  38 

Paddock 

Nov    14   

Paddock 

Nov.  23 

Curtis 

Curtis 

Nov.  26   

Curtis 

Dec.     2 

Curtis 

This  star  is  of  type  B2A  and  has  available  six  lines  due  to  C, 
H,  He,  and  Mg,  besides  a  few  other  lines  too  faint  to  use.  The 
variation  was  discovered  by  Mr.  Paddock  from  the  measure  of  the 
second  plate.     The  periofl  is  probably  of  some  length. 


FIVE  STARS  WITH   V ARI ABI.F.   V ElAXlTI F.S 
q  Velorum  (a  — lo^^  io'!'6;  5  — —  41°  37';  Mag.  4.0) 
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Date 

Velocity 

Measured  by 

1904     Apr.   10 

—  I  km 

+  25 
+  19 

—  2 

—  I 

+  21 

Curtis 

1907     Jan.    26 

PaddcKk 

.\i)r.    ^0 

Curtis 
Paddock 

Nov.  29 

Curtis 
Curtis 

This  star  is  of  type  A2F  with  very  broad  Hy  and  two  other  broad 
lines;  the  measures  arc  accordingly  subject  to  considerable  uncer- 
tainty.    The  variation  was  discovered  by  Mr.  Paddock. 

The  D.  O.  Mills  Expedition 

S.ANTiAGO,  Chile 

February  1908 


TWO  STARS  HAVING  VARIABLE  RADIAL  VELOCITIES 

By  W.  H.  WRIGHT 

Spectrograms  of  the  following  two  stars,  secured  by  the  D.  O. 
Mills  Expedition  to  the  Southern  Hemisphere,  show  their  radial 
velocities  to  be   variable: 

v  P«/>/);5  (a  =  6>' 34T7;  5  =  — 43°6') 

The  only  line  in  the  region  covered  by  the  plates  is  A.  4340.6  H^^. 
This  presents  the  appearance  of  being  made  up  of  a  fairly  sharp  hne 
in  the  center  of  a  broad  absorption,  suggesting  that  both  components 
are  bright.  The  central  nucleus  is  easily  measurable  and  very  fair 
velocity  determinations  can  be  made  from  the  single  line.  Varia- 
bility was  suspected  from  the  fifth  plate.  The  last  three  plates, 
kindlv  secured  by  Dr.  Curtis,  confirm  this  variation. 


Date 


1904  January  i . 
October  17. 
December  31 . 

1905  January  18. 
December  13. 

1907  January  22. 

1908  Januar}'  6. 
January  14. 


Measured  by 


Wright 

Wright 

Wright 

Wright 

Wright 

Curtis 

Paddock 

Curtis 

Curtis 


V  Octantis  (a  =  21'^  30'P4;  5  =  —  77^  50') 

This  star  has  a  spectrum  of  the  solar  type. 


Date 

Velocity 

Measured  by 

1904  June                8 

October       13 

1905  August           7 

September    6 

1906  October       31 

1907  May              6 

June             22 

September  19 

+  29.0  km 
+  29 

+  28.5 

+  39 
+  x6.s 
+  36.2 

+  2,^ 
+  30 
+  27 

+  32 

Palmer 

Palmer 

Wright 

Wright 

Palmer 

\\Tight 

Paddock 

Curtis 

Paddock 

Curtis 

The  variation  was  detected  on  measuring  the  third  plate.  The 
last  four  plates,  which  are  fully  confirmatory,  were  taken  under 
the  direction  of  Dr.  Curtis. 


Mt.  Hamilton 
October  6,  1908 
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Hy    KDWIX    H.    IROST 
I.     REANNEALKD  PRISMS 

Those  who  have  had  to  use  large  prisms  in  their  spectroscopes 
are  aware  of  the  dilTicuhy  often  experienced  in  obtaining  glass  of 
adequate  homogeneity  for  ret'ined  work.  This  obstacle  was  encoun- 
tered in  the  construction  of  the  Hruce  spectrograph,  as  recorded  in 
this  Journal  (15,  14-15,  1902).  The  prisms  were  57  mm  high,  of 
66°  angle,  with  faces  of  117,  127,  and  135mm;  for  X  4405, 
w=i.6374.  Having  heard  of  the  occasional  success  of  reannealing, 
I  took  up  the  ([uestion  with  Afr.  Brashear,  who  learned  that  the 
maker  of  the  glass,  M.  Parra-Mantois,  would  be  glad  to  undertake 
to  reanneal  the  prisms  which  had  proved  so  disappointing. 

The  process  was  completed  and  the  prisms  were  returned  from 
Paris  to  Pittsburg  last  spring.  An  examination  of  one  prism  which 
was  at  once  figured  by  the  Brashear  Company  indicated  that  the 
improvement  was  enough  to  justify  putting  new  faces  on  all  of  the 
prisms,  which  was  done.  The  prisms  were  now  cut  down  somewhat, 
so  that  all  three  are  of  nearly  the  same  dimensions:  54  mm  high  and 
115  mm  long  in  face. 

A  number  of  trial  spectrograms  of  spark  spectra  and  of  sunhght 
were  obtained  with  these  prisms  in  the  Bruce  s])ectrograph,  chiefly 
by  Dr.  D.  V.  Guthrie,  who  was  spending  the  summer  quarter  here. 
The  outcome  of  the  trials  was  that  although  greatly  improved,  the 
three  prisms  together  did  not  equal  in  definition  the  performance 
of  the  train  of  prisms  of  Jena  flint  O  102  regularly  used  with  the 
instrument.  The  prism  which  was  most  cut  down  before  it  was 
figured,  however,  gave  as  fine  definition  as  any  one  of  the  Jena  prisms, 
and  it  was  accordingly  used  for  one-prism  work  with  the  spectrograph 
during  a  part  of  the  summer,  over  100  stellar  spectrograms  being 
obtained  with  it.  The  inconvenience  of  having  the  scale  of  the  plates 
slightly  different  from  that  of  the  1600  other  spectrograms  taken 
with  one  prism  led  to  the  subsequent  restoration  of  the  Jena  prism 
to  its  position.  The  inference  may  be  drawn  by  spectroscopists, 
however,  that  prisms  lacking  in  homogeneity  may  in  some  cases  be 
successfully  reannealed,   with   great   improvement   in   their  optical 

233 


234 


EDWIN  B.  FROST 


performance.  I  am  glad  to  put  on  record  our  appreciation  of  the 
interest  and  assistance  of  the  Brashear  Company  in  this  ex])criment 
and  of  the  generosity  of  M.  Parra-^NIantois  in  doing  the  work  of 
reannealing  without  expense  to  the  observatory. 

II.  PECULIAR  SPECTROSCOPIC  BINARIES 
A  pecuHar  interest  attaches  to  those  stars  of  the  Orion  type  in 
which  the  characteristic  lines  are  broad  and  diffuse  but  the  H  and 
K  lines  of  calcium  are  narrow  and  sharp.  Examples  of  such  stars 
for  which  data  have  been  published  are  S  Orionis  and  g  Camclopanialis. 
In  his  investigation  of  the  spectroscopic  orbit  of  the  former,  Hartmann 
reached  the  conclusion  "that  the  calcium  line  at  A  3934  does  not 
share  in  the  periodic  displacements  of  the  lines  caused  by  the  orbital 
motion  of  the  star.'"  In  measuring  the  Bruce  spectrograms  of 
g  Camdopardalis,  it  was  found^  by  Mr.  Adams  and  myself  that  the 
H  and  K  lines  were  very  sharp  and  well  suited  for  measurement  and 
that  they  yielded  a  variable  radial  velocity  differing  from  that  given 
by  the  broad  lines  usually  measured  and  from  which  the  binary 
character  of  the  star  was  first  inferred.  The  detection  of  some 
peculiarities  in  other  stars  having  such  spectra  led  me  about  two 
years  ago  to  examine  all  our  spectrograms  which  included  H  and  K. 
I  was  not  prepared  to  find  that  such  spectra  were  so  common,  for 
I  was  able  to  list  about  twenty-live  stars  having  this  spectrum.  I 
was  struck  by  the  fact  that  about  half  of  them  had  already  been 
detected  here  as  binaries  from  the  variable  displacements  of  the 
broad  lines.  For  nearly  all  of  the  others,  the  data  at  hand  were 
far  too  meager  for  definite  inferences  on  this  point. 

This  would  accordingly  seem  to  indicate  that  we  are  dealing  in 
such  cases  with  composite  spectra.  The  general  principle  of  such  a 
discrimination  was  laid  down  long  ago  by  Professor  E.  C.  Pickering,^ 
and  it  has  been  applied  in  the  Harvard  Annals,  28  and  56,  by  Miss 
Maury  and  by  ]Miss  Cannon.  This  particular  variety  of  composite 
spectrum  has,  however,  not  been  described  by  the  Harvard  observers. 
As  the  discovery  of  spectroscopic  binaries  here  is  incidental  to  our 
regular  programmes,  we  have  not  yet  been  able  to  follow  up  the  stars 

I  Aslrophysical  Journal,  19,  273,  1904.  '  Ihid.,  19,  350,  1904. 

3  "The  Discovery  of  Double  Stars  by  Means  of  Their  Spectra,"  Aslronomische 
Nachrichten,  127,  155,  1891. 
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of  this  sort  on  our  li>t>  tind  find  what  prcccntaKc  of  those  having 
sharp  H  and  K.  with  the-  other  lines  broad,  arc  not  s|)crtroscopic 
binaries. 

When  I  noted  recently  the  presence  of  sharj)  K.  in  e  Orionis,  I 
arranged  to  have  a  few  six-ctrograms  taken,  in  the  confident  expecta- 
tion that  variable  velocity  would  be  indicated,  although  the  earlier 
observations  by  myself  and  Mr.  Adams  (with  three  prisms,  spectrum 
measurable  between  \  4340  and  A  471,1)  did  not  show  variation. 
Mr.  Lee  has  measured  all  of  our  one-prism  plates  with  the  following 
results: 

RADIAL  VELOCITY  OF  «  Orionis 


Broad  Lines 

Hand  K 

Plate 

Date 

G. 

M.T. 

Taken 

QUALfTY 

BY* 

OF  PLATEt 

No. 

Velocity 

No. 

Velocity 

km 

km 

IB     227 

1903  Dec.  26 

i7h 

20™ 

F. 

6 

+  30 

484 

1905  Jan.  21 

15 

49 

F. 

6 

22 

g- 

1327 

1908  Jan.  14 

15 

55 

B. 

5 

27 

2 

+  31 

g- 

1337 

Jan.  17 

18 

10 

L. 

5 

30 

2 

41 

g- 

1353 

Jan.  20 

i.S 

I 

B. 

6 

28 

2 

23 

\V. 

1463 

Feb.  17 

13 

39 

P. 

6 

17 

2 

20 

g.  w. 

1496 

Feb.  21 

13 

19 

F. 

8 

30 

I 

39 

g- 

1770 

Oct.    2 

23 

I 

L. 

7 

35 

2 

23 

V-  g. 

1788 

Oct.    9 

23 

3 

L. 

6 

30 

gv  too 
[  weak 
I  for  Ca 
v.g )  lines  J 

1805 

Oct.  16 

23 

15 

L. 

8 

27 

1813 

Oct.  30 

23 

53 

L. 

8 

30 

2 

28 

P- 

1905 

Dec.  14 

21 

0 

B. 

6 

37 

2 

28 

g- 

1926 

Dec.  26 

i-S 

30 

F. 

8 

30 

2 

30 

v.g. 

1946 

1909  Jan.     I 

18 

0 

B. 

8 

16 

2 

20 

v.g. 

*B.=»Barrett;  F.=» Frost;  L.  =  Lee;  P.  =  Parkhurst.     Mr.  Sullivan  assisted  as  usual  in  guiding. 
tg=good;  p=»poor;  w=>weak. 

The  earlier  measures'  of  three-prism  plates  are  added  for  com- 
pleteness : 


Plate 

Date  • 

G.  M.  T. 

No. 

Adams 

No. 

Frost 

A  208 
B228 
B  298 
B316 

1901  Sept.     4 
Nov.  13 

1902  Mar.  13 
April    9 

22I1    IO°> 
19     50 

15      II 
14     21 

3 
6 

5 

3 

+  28  km 
29 
26 
26 

5 
4 
3 

+  24  km 
26 
28 

'  "Radial  Velocities  of  Twenty  Stars  Having  Spectra  of  the  Orion  Type,"  Pub- 
lications of  Yerkes  Observatory,  2,  210,  1903. 
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The  inference  is  that  in  this  case  the  H  and  K  lines  share  in  the 
oscillations  of  the  broad  lines,  so  that  this  would  not  be  an  instance 
of  a  composite  spectrum. 

I  reserve  for  a  later  discussion  the  remarkable  feature  of  the  binary 
character  of  some  of  these  stars,  already  alluded  to,  that  the  com- 
p)onent  responsible  for  the  sharp  H  and  K  lines  appears  to  have  a 
different  velocity  (7)  of  its  orbital  center  of  gravity  from  that  of  the 
component  having  broad  hnes.  The  first  inference  in  such  a  case 
would  be  that  we  are  deahng  with  a  quatemar}^  system — two  pairs 
of  spectroscopic  binaries;  if  so,  however,  a  change  in  the  relative 
velocity  of  the  center  of  gravity  would  be  expected  within  a  few 
months  or  years,  and  in  at  least  one  instance  our  observations  cover 
a  longer  period  of  time. 

I  have  in  mind  particularly  the  star  ^  Persei,  the  first  observations 
of  which  were  made  by  ^Slr.  Adams'  in  1903.  The  five  plates  then 
measured  yielded  a  velocity  of  +85  km,  which  would  be  entirely 
exceptional  for  a  star  of  the  Orion  type  not  a  spectroscopic  binary. 
We  therefore  expressed  the  opinion  that  later  observations  might  be 
expected  to  show  the  star  to  be  a  binar}'.  A  range  of  30  km  was 
given  by  a  plate  taken  later  in  that  year,  establishing  the  variation  in 
velocity,  and  we  have  been  observing  the  star  occasionally  each  year 
since,  so  that  we  now  have  over  30  spectrograms,  of  which  about  one- 
half  are  measured.  We  do  not  appear  to  have  caught  the  star  with  a 
negative  velocity  on  any  plate,  the  total  range  shown  on  our  measured 
plates  being  about  60  km.  ^Mr.  Plaskett  reports  his  measures  of  7 
plates  taken  in  the  autumn  of  1908  in  the  Journal  of  the  R.  A.  S.  0} 
Canada  (2,  325, 1908),  giving  a  range  of  velocity  from  —  2  to  + 143  km. 

The  lines  are  exceptionally  broad  and  diffuse,  even  for  spectra 
of  that  type,  but  H  and  K  are  quite  sharp,  although  H  cannot  always 
be  separated  from  He.  In  1906  at  my  request  ]Mr.  Ichinohe  meas- 
ured the  ultra-violet  portion  of  a  number  of  the  earher  plates,  and 
obtained  for  the  calcium  lines  only  moderately  positive  velocities, 
having  a  range  of  about  25  km,  but  differing  greatly  from  the  values 
derived  from  the  broad  lines  (generally  by  not  less  than  50  km). 
I  have  also  measured  ■  some  later  plates  with  similar  results.  The 
star  evidently  is  of  the  sort  of  p  Camelopardalis  and  8  Or  ion  is,  but 

'  Astrophysical  Journal,  i8,  388,  1903. 
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its  thorough  investigation  will  be  a  dilTicult  task  on  account  of  the 
evil  character  of  the  Inroad  lines. 

I  am  well  aware  that  Professor  Julius  finds  an  explanation  of  such 
stars  in  anomalous  dispersion,  regarding  the  broad  lines  as  disper- 
sion bands.'  Perhaps  some  physical  efTects  will  have  to  be  invoked 
to  explain  the  peculiarities  of  such  stars;  but  I  am  not  yet  convinced 
that  anomalous  dispersion  is  here  a  sufficient  cause. 

III.     SPECTROSCOPIC  BINARIES  AMONG   STARS   IN   PROFESSOR 
BOSS'S  STREAM  IN  TAURUS 

In  a  brief  paper  read  at  the  Baltimore  meeting  of  the  American 
Association  I  reported  on  the  beginning  made  here  in  observing 
the  radial  velocities  of  the  stars  in  the  "moving  cluster  in  Taurus^' 
described  by  Professor  Lewis  Boss  in  Xo.  604  (26,  31,  1908)  of  the 
Astronomical  Journal.  As  my  remarks  were  printed  in  Science 
(29,  156,  1899),  practically  in  full,  I  will  not  repeat  myself  further 
than  to  state  that  observations  of  those  40  stars  have  now  been  in 
progress,  as  circumstances  permitted,  for  about  six  months  with  the 
Bruce  spectrograph,  a  dispersion  of  one  prism,  which  is  as  high  as 
many  of  the  spectra  will  stand,  being  employed. 

About  seventy  spectrograms  have  been  so  far  obtained,  chiefly 
by  Mr.  Barrett  and  Mr,  Lee,  of  21  of  the  stars.  The  six  stars  of 
that  list  which  we  had  found  to  be  spectroscopic  binaries  at  the  time 
that  paper  was  prepared,  were:  go  Tauri  and  B.  D.  15°  637  found 
by  Mr.  Barrett;  64  and  p/  Tauri,  found  by  Mr.  Lee;  and  6^  and 
V  6g  Tauri,  found  by  myself.  Two  that  I  then  regarded  as  sus- 
picious, ji  Tauri  and  gz  Tauri,  have  since  proved  by  measurement 
to  be  also  variable  in  velocity.  The  particulars  of  the  measures 
thus  far  made  of  six  of  these  stars  will  be  given  here  and  in  the  fol- 
lowing note  by  Mr.  Lee.  Mr.  Barrett  will  report  later  on  his  measures 
of  go  Tauri  and  B.  D.  15°  637.  It  must  be  acknowledged  that  the 
proportion  of  binaries  is  surprisingly  large,  8  out  of  the  14  stars  for 
which  we  have  two  or  more  spectrograms. 

The  observations  with  the  Bruce  spectrograph  indicate  a  pro- 
portion of  spectroscopic  binaries  of  not  less  than  i :  3  among  stars 

I  "Dispersion  Bands  in  the  Spectra  of  5  Ononis  and  Nova  Persei,"  Astrophysical 
Journal,  21,  286,  1905. 
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of  the  Orion  tvpc,  but  the  proportion  here  would  seem  to  be  still 
greater.  The  14  stars,  with  one  exception,  have  spectra  of  the  first 
tvpe  or  of  one  intermediate  between  the  first  type  and  the  early  solar 
t^-pe:  in  the  current  Harvard  designation  they  are  of  types  A,  A2, 
A3,  or  A5,  with  the  exception  of  6'  Tauri,  of  type  K. 

The  spectrum  of  ^'  Tauri  is  of  type  A5.  With  a  dispersion  of 
two  prisms  (scale  at  /  45o<5  :  i  mm  =15  t.-m.)  the  lines  are  very 
diffuse  for  measurement;  with  one  prism  the  Hnes  are  better,  but 
some  seem  to  be  compUcated  by  the  presence  of  companions  due  to 
a  second  component.  The  radial  velocity  is  therefore  hable  to  con- 
siderable uncertainty.  On  being  informed  by  Professor  Boss  regard- 
ing his  cluster,  I  asked  Mr.  Lee  to  measure  the  two  plates  of  this  star 
then  on  hand,  both  taken  with  two  prisms.  The  other  measures 
are  by  myself.  The  variable  radial  velocity  was  at  once  apparent 
after  we  began  to  get  spectrograms  with  one  prism. 


d^  Tauri{a  =  j^^2i^;  8= +15°  39';  Mag.  =3. 7) 


Plate 

Date 

G. 

M.  T. 

Taken 
by 

No. 
Lines 

Velocity 

Remarks 

IIB      86 

1906  Aug.  31 

2ih 

II™ 

F. 

4 

+  42  km 

180 

1907  Nov.     4 

18 

32 

L. 

4 

(  +  29) 

Verv  weak 

IB  1707 

1908  Aug.  25 

22 

32 

B. 

s 

+  64 

1734 

Sept.    8 

22 

45 

M 

6 

2 

+  88 

+  40 

Second  Component 

1 741 

Sept.  18 

20 

32 

L. 

7 

+  10 

1794 

Oct.    12 

20 

25 

-•) 

4 

3 

+  39 

+   8 

Second  Component 

1836 

Nov.    8 

18 

46 

L. 

5 

+  36 

189=; 

Dec.     7 

I.S 

I 

L. 

5 

+  38 

1900 

Dec.  II 

15 

2 

F. 

4 

+  31 

The  spectrum  of  6g  Tauri  is  a  very  difficult  one  to  deal  with.  To 
classify  it  as  of  type  A5  fails  to  express  the  diffuse  character  of  the 
lines.  My  re-examination  of  our  first  plate,  taken  three  years  ago, 
led  me  to  believe  that  the  spectrum  is  composite  and  this  was  con- 
firmed by  the  measures  of  the  subsequent  plates.  It  is  difficult  and 
often  incorrect  to  combine  into  means  the  velocities  from  lines  which 
in  some  cases  belong  to  different  comi)onents;  where  the  comj>onents 
are  not  separated,  the  setting  on  the  center  of  the  apparently  single 
line  has  no  definite  meaning.     My  measures  are  as  follows: 


SPECTROGRAJ'IIIC  NOTES 
<Jp  (Upsilon)  TciMr;  (tt="4h  20^;  8- +22°  35';  Mag. -4.5) 
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Plate 

Date 

G.  M.  T. 

Taken  by 

No.  Lines 

Velocity 

II B       24 

1905   Nov.  24 

l-jh    26™ 

B. 

S: 

-   81  km 
+    16 

IB  1747 

1908  Sept.  21 

19      40 

H. 

2 

+  102 

1896 

Dec.     7 

16      21 

L. 

K 

+   82 
+  130 

1 901 

Dec.   II 

16         I 

F. 

6 

+   38 

1954 

1909  Jan.      3 

18      28 

B. 

2 

+    34 

Yerkes  Observatory 
February  17,  1909 


VARIABLE    RADIAL   VELOCITIES    OF   FOUR   STARS   IN 
THE  TAURUS  STREAM 

By  OLIVER  J.  LEE 

The  following  measures  have  been  made  on  Bruce  spectrograms 
taken  with  one  prism.  They  were  reduced  with  the  aid  of  tables 
constructed  in  the  manner  employed  by  Professor  Schlesinger.' 

64  rai/rj  (a=4h  i8m;  5= +17°  13';  Mag.  =5  .  i) 


Plate 

Date               G.  M.  T. 

Taken 
by 

Xo. 
Lines 

Velocity 

Quality 

km 

IB  1786 

1908  Oct.      y    20^1  47™ 

L. 

15 

+  32 

vg. 

1848 

Nov.  10 

19    29 

L. 

13 

+  44 

v.g. 

1856 

Nov.  13 

19    18 

L. 

12 

+  38 

vg- 

1864 

Nov.  16 

16    24 

L. 

12 

+  33 

v.g. 

1886 

Dec.     4 

19    51 

L. 

13 

+  44 

vg. 

The  spectrum  of  the  star  64  Tauri  is  of  type  A2  in  the  notation 
of  the  Revised  Harvard  Photometry,  or  Vogel's  Ia2.  The  lines  are 
numerous  and  well  defined,  so  that  there  can  be  no  doubt  of  the 
binary  character  of  the  star,  although  the  range  thus  far  observed, 
12  km,  is  rather  small.  A  period  of  12  days  is  suggested  by  the 
observations  thus  far,  but  later  plates  may  indicate  a  sub-multiple 
of  this  period.  A  higher  dispersion  could  be  used  to  advantage 
with  this  star,  and  spectrograms  will  be  obtained  with  two  prisms. 

The  three  other  stars  have  complex  spectra,  and  it  was  the  double 
appearance  of  some  of  the  lines  on  the  first  spectrograms  obtained 
that  rendered  the  stars  suspicious.  It  was  necessar}-  to  make  settings 
upon  what  seemed  to  be  the  separate  components,  a  difficult  procedure 
in  many  cases.  Where  the  lines  appeared  single  the  settings  were 
made  upon  the  centers,  but  this  may  introduce  error  where  the 
lines  were  actually  double  but  too  confused  for  separate  recognition. 
It  will  thus  be  understood  that  the  values  given  for  centers  are  not 

•  Publications  Allegheny  Observatory,  I,  9,  1908. 
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avcrai^cs  of  the  scttinj^s  on  the  comjMJni'nl.     Tlu-  mt-asurcs  on  the 
centers  show  a  velocity  variable  l)y  as  much  as  ;^o  km  for  each  of  the 
star>,  i)rol)ablv  chietly  due  to  uneijual  lit^hl  elTcil  of  the  two  loni 
j)onents,  and  ]»arlly  to  lino  |)ri'st'iit  in  only  one  ( omitonc-nt. 


y7  /  Tauri  (o  =  4l>  45"';  3  =  18°  40';  Mag.  =5.3) 


CEfTTER 

Violet  Coifp. 

Red  Coup. 

£ 

Date 

0.  M.  T. 

Taken 

BY 

i 

Plate 

Ij 

No. 

VeJ. 

No. 

Vel. 

No. 

Vel. 

a 

km 

km 

km 

IB  1787 

1908  Oct.    9 

22h   8^ 

L. 

4 

+  41 

3 

-14 

I 

+   88 

v.R. 

1832 

Nov.   6 

22     9 

L. 

4 

+  53 

K- 

igo7 

Dec.  ig 

•7     .1 

L. 

7 

+  19 

3 

-52 

3 

+   90 

K- 

1912 

Dec.  21 

L. 

3 

+  28 

5 

—  II 

2 

+  103 

g- 

This  sjiectrum  is' classified  a-^  A5.  but  the  lines  are  so  dilTuse  and 
complicated  that  accuracy  of  measurement  is  not  jKxsible.  In 
many  cases  normally  simple  lines  are  s])lit  u])  into  two  or  three  jjarts. 
On  one  plate  only,  Xo.  1832,  do  the  lines  seem  relati\ely  sim))le. 

~i  r<J/<r/  (o=4h  21  "\  5=    +15°  24;   Mag.=4.8) 


Ce.vter 

Violet  Coup. 

Red  Coup. 

g 

Date 

G.  M.  T. 

Taken 

0 

No. 

Vel. 

No. 

Vel. 

No. 

Vel. 

a 

km 

km 

km 

IB  1748 

1908  Sept. 21 

2oh  47m 

B. 

6 

+  12 

4 

-61 

6 

+  44 

vg- 

1902 

Dec.  1 1 

17    17 

F. 

8 

+   9 

2 

-18 

2 

+  57 

vg- 

1910 

Dec.  2 1 

14     37 

F.  L. 

10 

—  21 

vg. 

1962 

1909  Jan.  2> 

13     48 

F.  L. 

6 

-  9 

4 

-97 

.... 

p- 

1972 

Feb.    I 

12       2 

L.  B. 

4 

+  18 

7 

-90 

2 

+  82 

vg- 

The  spectra  of  this  star  and  the  ne.xt  are  classefl  as  simi)ly  .\  in 
the  Revised  Harvard  Fho/onie/ry,  but  there  is  some  difference  in  the 
accuracy  of  measurement  possible.  In  7/  the  lines  are  diffuse,  with 
confusing  indications  of  a  second  component  on  three  of  the  plates. 
On  j:)late  Xo.  i<>io  there  was  no  indication  of  the  presence  of  a  second 
component.  The  centers  were  measured  as  in  the  case  of  g~  Taun. 
The  results  arc  liable  to  considerable  uncertaintv. 
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g2c^  rdHr/(a=4h34m;  5= +15°  43°;  Mag.  =4.5) 


Center 

Violet  Comp. 

Red  Coup. 

S 

Date 

G.  M.  T. 

Taken 

Plate 

5, 

No. 

Vel. 

Xo. 

Vel. 

No. 

Vel. 

0 

km 

km 

km 

IB  1804 

1908  Oct.  16 

22h  lo™ 

L. 

7 

+  42 

6 

0 

3 

+  97 

g- 

1838 

Nov.  821  20 

L. 

6 

+  27 

5 

-26 

6 

+  71 

vg. 

1944 

1909  Jan.  115  18 

B. 

6 

+  2 

3 

-67 

7 

+  46 

g- 

1952 

Jan.  3  13  44 

B. 

7 

+  17 

7 

-42 

8 

+  79 

vg- 

1963 

Jan.  25 

14  37 

L. 

8 

+  18 

2 

-88 

2 

+  102 

P- 

1973 

Feb.  I 

12  56 

B.  L. 

II 

+  31 

g- 

In  this  star  the  double  character  of  the  lines  is  quite  evident,  and 
measurements  of  the  separate  components  are  certainly  more  accurate 
than  in  the  case  of  77.     Only  one  plate,  Xo.  1973,  gives  simple  lines. 

Yerkes  Observ.\tory 
February  17,  1909 


SERIES  IN  iiii:  r..\kir.M  spectrum 

Hv  W.    RI'I/ 

Tlu'  previously  unknown  Iripk-t  st-rics  of  barium  has  rccenlly'  been 
discovered  and  published  by  V.  A.  Saunders.  \'ery  few  terms  of  the 
series  were  observed,  and  since  these  were  not  rejirescnted  by  formulae 
known  to  be  aj)plicablc  to  Mg,  Ca,  and  Sr,  the  choice  of  lines  may  seem 
at  first  to  be  somewhat  doubtful.  The  followint?  remarks  will,  I 
think,  serve  partly  to  verify  his  results. 

The  lines  of  the  first  subordinate  series  may  be  accuralelv  rejjre- 
sentcd  by  either  of  the  two  following  formulae: 

109675.0 


v  =  .4- 


v  =  A- 


109675.0 


(0 


(2) 


which,  as  I  have  shown,-'  serve  to  represent  with  great  accuracy  the 
series  of  other  elements.  In  these  formulae  A,  a,  b,  a,  and  /8  are 
constants;  »i  a  whole  number,  and  v  the  wave-numljcr  (per  cm)  in 
vacuum. 

For  the  strongest  (and  most  completely  observed)  lines  we  obtain, 
for  instance: 


m  = 

3 

4 

5 

6 

7 

X  ob-^    ... 

5777-84 
17302.8 
0.00 

4489.50 
22268.1 
0.00 

4084.94 
24473-4 
+  0.02 

3895-2 

25665 . 4 

+  0.6 

3787 
26399 

V  obs 

Error  (in  A  ) 

The  differences  are  throughout  smaller  than  the  errors  of  observation. 
In  this  case /I  =  28472;  rt= +0.20581;  />=  — 1.4600.  In  the  corre- 
sponding cases  for  Mg,  Ca,  Sr,  the  constant  a  + 1  has  the  values  0.842, 
1 .090.  and  1 .222;  the  value  for  5a,  i  .296,  fits  in  well  with  these.  The 
alkalies  furnish  a  progression  which  is  very  similar. 

The  wave-number  difference  v=  878.0,  divided  by  the  square  of 
the  atomic  weight  (/^)  gives  47.0  •  io~^,  while  the  values  for  \Ig,  Ca, 
and  5r  are 68. 8  •  io~^,  66.  i  •  io~\  and  51 .5  •  lo"^.    As  I  have  pointed 

•  Astrophysical  Journal,  28,  223,  1908. 
»  Annalen  der  Pliysik,  12,  264,  1903. 
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out/   the  {[uoticnt         ^      ,  calculated  from  the  limits  of  the  series, 

varies  still  less  from  clement  to  clement, 

^Pl^PA^'^o.i^biMg)  ■   o.i77(Ca)  ;     o.i^liSr)  ;     0.148(^0). 

Finally,  the  separations  of  the  satellites  of  the  strongest  hnes  of  the 
first  members  (»  =  3)  vary  ap])roximately  as  the  scjuarc  of  the  atomic 
weights.  This  reciuircment  is  also  fulfilled  in  this  case.  From  these 
facts  it  is  evident  tliat  the  first  subordinate  series  of  Ba  is  correctly 
given  by  Saunders. 

The  same  conclusions  hold  for  the  first  two  triplets  of  the  second 

subordinate  series.     Since  the  (luotient  — ; varies  but  little  among 

a  +  0.5 

the  members  of  a  group  of  chemically  related  elements,  I  have  already^ 
given  a  probable  value  of  0.825  for  this  number  in  the  case  of  Ba. 
Granting  that  the  limits  of  the  \\\o  series  are  the  same,  we  have  left 
in  the  ecjuation  of  the  second  subordinate  series  only  a  single  constant, 
a,  to  be  calculated.  In  the  red  and  ultra-red,  where  the  first  term 
of  the  series  must  lie,  only  one  trij)let  was  found  with  the  proper 
separations.  If  we  use  this  to  calculate  a,  the  formula  so  derived 
leads  to  the  second  triplet  given  by  Saunders  to  within  5  A.,  and  this 
is  a  very  small  error  when  we  consider  that  Ijotli  the  number  o.  825  and 
the  limit  of  the  t'lrst  subordinate  series^  are  very  uncertain.  Thus 
both  these  triplets  doubtless  belong  to  the  second  subordinate  series. 
If  we  now  determine  A  and  a  from  these  two  triplets,  we  find  X  =  4248 . 4 
for  the  strongest  line  of  the  third  triplet,  while  Saunders  gives  4239.91. 
The  use  of  the  formula  therefore  leads  us  to  doubt  the  propriety  of 
classifying  this  triplet  (and  those  following)  in  the  series.  It  is 
I)OSsible,  as  Saunders  remarks,  thai  ihc  fornuihi  does  not  fit  this 
series,  no' withstanding  the  fad  that  it  successfully  rej)resents  the 
second  subordinate  series  of  all  the  elements;  but  further  investi- 
gation of  the  missing  lines  of  the  trij)lets  of  this  series  must  be  made 
before  the  f|uestion  can  be  definitely  settled. 

(iorriNGEN 
January  1909 

'  Astro  physical  Journal,  28,  237,  190S;   Physikalische  Zeitschrijt,  9,  521,  1908. 

»  Annalen  der  Physik,   12,  309,   1908. 

5  The  formulae  (i)  and  (2)  represent,  in  j^eneral,  tin-  first  suljordinate  scries  (espe- 
rialiy  of  Ca)  less  exactly  than  the  second;  if  only  a  few  terms  are  known,  and  these  only 
inaccurately,  ( onsiderable  err<jrs  in  A  may  result. 


Riii'iiiws 

The  Study  o]  Slcllar  Evolution:  An  Account  oj  Some  Recent  Methods 
oj  Astrophysical  Research.  By  CiEORc;i;  Eli.khv  Halk.  Chicaj^o: 
The  I'nivcrsily  of  Chicago  Press,  1908.  Pj).  .\i  +  252;  with  104 
plates.     S4.00  net. 

Hale's  hook  on  the  Study  of  Stellar  Evolution  will  he  wc'k(.me<l  with 
the  keenest  pleasure  and  interest  hy  a  host  of  readers  and  students  cf  astro- 
physics. The  hook  was  tirst  planned  to  serve  as  a  handhook  for  the  use  of 
the  numerous  visitors  to  the  Verkes  Ohservatory;  but  when  Professor  Hale 
went  to  organize  the  new  Solar  Observatory  of  the  Carnegie  Institution,  now 
splendidly  established  on  Mount  Wilson,  in  California,  he  decided  to  enlarge 
the  scope  of  the  book  and  make  it  a  handbook  for  the  use  of  visitors  to  both 
of  the  named  observatories.  By  describing  a  connected  series  of  investi- 
gations in  stellar  evolution.  Professor  Hale  makes  the  op|)ortunity  of  indi- 
cating from  personal  experience  the  observational  methods  adopted  at  b(,th 
places.  The  result  is  an  intensely  interesting  narrative  from  the  pen  of  a 
pioneer  who  is  in  the  thick  of  his  adventurous  work.  It  discloses  to  minds 
that  are  not  conversant  with  the  aims  of  the  investigations  of  practical 
astronomers  something  of  the  hopes,  difficulties,  and  achievements  that 
go  to  make  up  the  zest  of  life  for  one  who  is  successfully  engaged  in  develop- 
ing a  new  attack  on  a  problem,  that  has  in  large  measure  defied  the  efforts 
of  the  last  forty  years.  To  such  minds  it  will  perhaps  convey  the  iflea  that 
the  whole  matter  is  to  be  settled  by  this  onslaught;  for  Hale  writes  with 
that  deep  con\'iction  that  serves  as  motive  power  to  an  intrepid  investigator, 
and  he  has  set  forth  the  subject  with  such  ccnsistent  simplicity  that  the 
lay  mind  is  sure  to  feel  that,  after  this  wcrk  is  ccmpleted,  there  will  be  little 
left  for  astrophysicists  to  do. 

Hale's  narrative  brings  interest  to  very  varied  minds,  and  consequently 
lends  itself  to  review  from  many  points  of  view.  The  most  difficult  part  of 
the  task  of  the  reviewer  is  to  decide  which  point  of  view  he  is  to  take.  I 
propose  to  resist  the  temptation  to  be  purely  descriptive,  preferring  rather 
to  let  myself  be  caught  by  the  spirit  of  the  pioneer  and  to  join  Hale,  how- 
ever inadequately,  in  looking  out  over  the  countr}-  to  be  e.xplored.  My 
point  is  that  students  of  astrophysics  as  well  as  eager  visitors  to  the  large 
observatories  owe  a  debt  to  Professor  Hale  for  having  devoted  much  of  his 
time  to  writing  this  handbook.     .And  how  can  a  reviewer,  who  is  interested 
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in  the  subject  that  has  been  helped  by  Hale's  buok,  show  his  appreciation 
better  than  bv  trying  to  put  down  thoughts  that  have  been  stimulated  by  the 
perusal  of  the  book  ? 

Anv  attempt,  such  as  Hale  makes,  to  lay  before  a  wide  audience  a  con- 
sistent representation  of  a  subject  like  astrophysics  must  needs  start  from 
some  more  or  less  generally  acccj)ted  standjjoint.  Hale  carefully  sets  forth 
what  may  be  called  the  case  for  temperature  variation,  and  he  uses  it  freely 
in  summarizing  the  varied  phenomena  of  stellar  and  solar  spectra.  A 
reviewer  would  be  doing  poor  ser\ice  if  he  were  to  seem  to  pin  an  author  to 
statements  in  a  handbook  as  if  they  were  parts  of  his  tinal  creed.  He  must 
rather  feel  that  he  has,  as  it  were,  joined  a  ticld  e.xcursion  and  has  been 
hearing  a  pioneer  sketch  out  to  a  crowd  of  varied  minds  the  lie  of  the  country; 
According  to  the  amount  of  study  he  has  devoted  to  the  subject  the  student 
will  recognize  the  importance  which  the  jiioneer  attaches  to  seme  of  those 
dim  ranges  in  the  landscape,  to  which  he  has  only  passingly  referred.  His 
thoughts  will  go  wandering  on;  the  definite  words  to  which  he  has  been 
listening,  used  for  stating  an  accepted  view,  may  only  tend  to  fi.x  in  his 
mind  a  diametrically  opposite  view.  And  if  I  use  the  opportunity  afforded 
by  this  review  to  give  utterance  to  thoughts  that  have  long  occupied  my 
mind,  I  am  sure  I  shall  not  be  understood  as  offering  cheap  criticism  of  an 
admirably  fair-minded  and  stimulating  exposition  of  the  present  situation 
in  an  important  part  of  astrophysics.  I  wish  rather  to  plead  for  the  con- 
sideration of  a  new  aspect  of  the  whole  subject.  Tersely  put.  the  new  aspect 
to  be  considered  is:  can  it  be  that  the  main  characteristic  .spectroscopic 
phenomena  of  the  sun  and  the  stars  arc  dictated  mainly  by  matter  brought 
from  without,  and  not  mainly  by  matter  brought  from  within  the  body  of 
the  sun  and  the  star  ? 

First  let  me  quote  a  few  lines  from  a  notice  written  by  myself  in  the 
Observatory  (October  1908,  p.  378): 

Realize  how  the  search  is  baftled  whether  on  the  purely  physical  side  of  the 
interpretation  of  general  spectroscopic  phenomena  or  the  astrophysical  applications. 
The  statement  of  the  problems  today — as  given,  for  instance,  in  chaps,  ix,  x,  .xi, 
xvii,  xviii,  xx — is  nearly  the  same  as  the  statement  forty  yeais  ago.  It  seems  as 
if  the  methods  of  analysis  and  discussion  of  isolated  phenomena  on  physico- 
mathematical  lines  had  proved  too  refined  to  cope  with  the  broad  aspects  of  the 
involved  conditions  of  the  questions  to  be  elucidated.  There  were  no  signs  of  an 
immediate  development  of  a  more  embracing  method  of  solution  on  these  lines. 

But  now  comes  Hale's  method  of  the  spcctrohcliograph,  which  automatically 
co-ordinates  in  a  single  record  the  many  discordant  isolated  observations  of  the 
eariier  days,  and  even  those  of  today.  Strange  to  say,  it  is  as  if  the  sight  of  the 
faggot  is  likely  to  help  us  to  break  the  single  sticks,  an  inversion  of  divide  ct  ivipera. 
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Such  an  aducvcnicnl  leads  us  to  hope  thai  the  woik  is  to  land  us,  if  il  has  not 
already  landed  us,  on  a  new  platform,  where  the  hori/on  and  extent  of  the  subject 
is  so  much  enlarged  tiiat  the  mind  t'lnds  itself  a^ain.  The  way  is  o|K'ned  afresh 
for  the  physico-mathematical  attack  on  broader  lines. 

As  an  instance  of  the  l)al1k'(l  scan  h,  let  us  considiT  tiu-  ( asc  of  widened 
lines  in  the  spectra  of  vapors.  Siuli  widenin;.^  is  ".generally  attril)ute<l  to 
pressure,  and  Rayleijjh  and  Mii  helson  have  in<licated  the  paths  alon<;  which 
explanation  of  the  effect  may  be  sou>;hl  by  calcuiatinj^  (i)  the  maj^nitude 
of  the  Doppler  ctTect  arising  from  the  velocities  of  the  li.<;ht -^ivinj^  atoms  or 
molecules;  and  (2)  the  amount  of  the  ill  deliniiion  of  lines  arisinj^  from  the 
shortness  of  sequences  of  undisturbed  undulations  (limitation  of  free  path). 
These  results  show  good  agreement  between  theory  and  observation  for  the 
narrower  lines  in  spectra.  Michel.son's  e.\pressit)n  for  widening  produced 
by  shortness  of  sequences  (limitation  of  free  path)  is  of  the  form 

P  ^ 
where  8,  is  the  widening,  p  the  free  path,  i-  the  temperature-velocity  of  the 
molecules,  and  1 '  the  vek:)city  of  light.  Thus  when  p  is  of  the  order  of  magni- 
tude of  the  wave-length  \  (and  this  is  the  case  for  pressures  of  the  order  of 
100  mm  of  mercury  for  hydrogen),  the  widening  by  limitation  of  free  jiath 
is  of  the  same  order  of  magnitude  as  the  widening  from  the  I)o])pler  effect. 
But  there  appears  to  be  a  source  of  widening  which  evatles  this  analysis 
unless  we  are  willing  to  admit  a  limitation  of  free  path  far  more  stringent 
than  that  im])osed  by  the  ordinary  molecular  kinetic  theory.  To  take  a 
single  case,  the  experiment  of  passing  electric  sparks  through  unignited 
coal-gas  in  the  absence  of  air  shows  that  exceedingly  wide  lines  may  be 
produced  at  atmospheric  pressure.  The  experiment  is  performed  by  put- 
ting sparkling  terminals  inside  a  glass  tube,  the  ends  of  which  are  then 
connected  by  rubber  tubing  with  a  gas-main  and  with  any  convenient  burner 
to  get  rid  of  the  gas  that  passes  through  the  tube.  The  spectrum  of  the 
sparks  exhibits  the  hydrogen  lines;  and  by  manipulation  of  the  spark- 
strength  the  hydrogen  lines  may  be  made  either  (juite  narrow  or  so  broad 
as  eventually  to  meet  and  so  give  a  continuous  spectrum.  The  widening 
is  in  the  main  symmetrical,  a  fact  which  would  seem  to  rule  out  an  explana- 
tion based  on  a  change  of  molecular  ])eriods  whether  by  loading  or  by 
increase  of  the  forces  under  wliich  molecular  vibrations  lake  ])lace.  Apart 
from  a-  special  and  consequently  unlikely  combination  of  the  two  causes 
alluded  to,  an  explanation  lies  in  a  new  order  of  limitation  of  free  paths, 
involving  collisions  or  disturbances  about  a  thousand  or  ten  thousand  times 
more   frequent   than   those   provided   for  in  the  ordinary  kinetic  theory. 
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Such  an  increase  in  the  numlier  of  disturbances  might  fairly  be  ascribed 
t()  multitudes  of  corpuscles  (J.  J.  Thomson)  set  free  in  the  passage  of  the 
electric  spark.  But  putting  explanation  aside,  the  experiment  shows  us  that 
we  are  able  to  fix,  at  any  rate  momentarily,  a  mode  of  excitation  of  luminos- 
ity which  gives  exceedingly  wide  lines  at  low  pressures;  and  it  points  to  the 
existence  of  a  ])eculiar  condition,  of  which  we  have  not  yet  com])lcte  control 
nor  complete  knowledge. 

.\s  another  instance  of  baffled  search,  we  find  (i)  that  in  the  spectrum 
of  almost  every  element  under  apparently  any  given  conditions  of  pressure 
and  temperature  and  electrical  e.xcitation  some  lines  are  broad,  others 
narrow;  and  (2)  that  if  any  one  of  the  conditions  is  varied,  the  relative 
width  and  brightness  of  the  lines  is  in  general  changed.  Thus  in  observa- 
tions of  the  electrical  arc  under  pressure  (e.  g.,  Duffield,  Phil.  Trans.,  A, 
208.  157,  1908)  it  would  appear  that  alteration  of  pressure  under  fi.xed 
electrical  conditions  may  be  accompanied  by  the  same  sort  of  changes  in 
certain  lines  as  are  produced  by  a  change  of  electrical  excitation  under 
fixed  conditions  of  pressure.  \\"e  are  not  yet  in  possession  of  a  knowledge 
of  the  relation  that  must  subsist  between  the  variables  defining  the  state  of 
a  <Tas,  in  order  that  a  prescribed  condition  of  luminosity  may  be  evoked. 
All  that  we  seem  entitled  to  say  is  that  we  can  in  many  cases  evoke  a  pre- 
scribed state  of  a  given  line  in  a  spectrum  by  proper  adjustment  of  the  con- 
ditions of  excitation,  pressure,  and  temperature. 

I  wish  then  to  emphasize  the  statement  that  there  is  strong  evidence  that 
widening  of  lines  may  arise  from  a  special  mode  of  (electrical  ?)  excitation 
even  at  low  pressures. 

Now  widened  lines,  like  those  of  hydrogen,  helium,  calcium,  magnesium, 
etc.,  are  a  marked  criterion  in  our  accepted  classification  of  stellar  spectra. 
I  would  ask,  do  we  not  allow  ourselves  to  adopt  them  without  duly  under- 
standing their  significance  ? 

Let  us  look  at  the  usual  classification  of  the  stars  according  to  their 
spectra.  We  will  make  the  authoritative  statements  in  a  type  appropriate 
to  the  textbook,  while  the  queries  of  an  im])etuous  lay-reader  shall  be  hushed 
in  smaller  type: 

The  usual  classification  begins  with  the  blue  stars;  their  spectra  are 
marked  by  sparse  and  fine  metallic  lines  together  with  broad  hydrogen 
lines  and  sometimes  broad  helium  lines;  these  are  early  stars  with  diffuse 
atmospheres. 

Then,  if  breadth  of  line  is  a  sign  of  pressure,  does  this  mean  that  the  hydrogen 
is  under  higher  pressure  than  the  metallic  vapors  in  these  eariy  stars? 
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Perhaps,  hut  let  us  proceed  with  the  dassituation.  The  next  class  arc 
the  more  condensed  yellow  stars  of  solar  type. 

Then,  it  the  stars  are  more  condensed,  the  lines  are  broader  }i;enerally  ? 

No,  the  lines  are  sharper;  shar])er  hydroi^en  lines,  and  sharjjcr  metallic 
lines,  except  the  calcium  lines  like  H  and  K,  which  are  strong  and  broad, 
forming  a  characteristic  feature  in  stars  of  solar  type. 

Then  the  calcium  is  probaliiy  in  the  lower  strata  of  the  atmospheres  of  such 
stars? 

Well,  solar  prominences  point  to  its  being  outside  in  a  rarit'ied  condition, 
and  the  spectroheliograph  indicates  that  some  rarified  calcium  is  glowing 
brightly  and  irregularly  over  the  surface  of  the  sun,  whilst  the  darker 
patches  are  possibly  beneath  and  at  much  greater  pressure. 

Then,  near  the  edge  of  the  sun's  disk  the  effect  of  the  pressure  will  be  more 
marked?  I  mean  because  the  paths  arc  relatively  longer  in  the  lower  strata; 
arc  they  not  ? 

Yes,  it  is  true  that  through  three  supeqwsed  strata,  each  of  thickness 
1000  kilometers,  the  paths  of  light  near  the  sun's  limb  in  the  direction  of 
the  earth  would  be  i  20,000,  50,000,  and  40,000  kilometers,  if  we  neglect 
refraction. 

Then,  I  suppose  the  widened  edges  of  the  K  line  are  much  darker  at  the  edges 
of  the  sun's  disk  ? 

No.  Hale's  observations  show  that  they  are  weaker,  but  then  you  have 
to  take  account  of  the  filamentary  structure  of  the  photosphere.  But  we 
must  return  to  the  classification.  The  third  class  are  still  further  condensed 
than  solar  stars.  The  characteristic  features  in  their  spectra  are  the  marked 
bands  which  are  believed  to  be  due  to  titanium  o.xide  and  perhaps  other 
compounds  which  only  begin  to  be  formed  at  temperatures  lower  than 
those  at  which  elements  (as  opposed  to  compounds)  are  vaporized. 

Then  the  compounds  form  first  on  the  cooler  outskirts  of  the  star's  atmosphere, 
I  suppose  ?     The  metallic  lines  are  of  course  much  broader  in  this  third  class  ? 

Xo,  the  metallic  lines  are  still  sharp. 

Oh.  And  wait  a  moment,  why  don't  the  titanic  oxide  strata  form  outside  the 
solar  stars  too  ?    Such  stars  must  get  cooler  in  the  upper  strata  of  their  atmospheres. 

Yes,  but  it  is  a  question  of  depth  of  strata  as  well  as  relative  tempera- 
tures. 

Then  the  bands  might  be  visible  at  the  limb  of  the  sun  ? 

Yes,  they  might  be:  but  they  are  not  visible  there,  at  any  rate  not 
nearly  so  strongly  as  in  sun-spots. 
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Oh,  they  are  visible  locally  on  the  sun.  Does  not  that  point  to  special  supplies 
of  the  proper  material?  Curious  that  the  metallic  lines  are  not  widened!  Are 
they  widened  in  the  fourth  class  ? 

The  fourth  class  are  marked  by  bands  turned  the  opposite  way  to  the 
titanium  oxide  bands;  they  are  due  to  carbon  compounds.  The  metallic 
lines  are  still  narrow. 

I  advise  you  to  look  after  those  fine  metallic  lines.  They  don't  look  like  high 
pressure. 

We  find  the  classification  very  convenient. 

Doubtless  a  better  presentment  could  easily  be  given  of  the  position  of 
both  te.xtbook  and  reader,  but  this  is  enough  to  serve  my  point:  namely, 
to  insist  that  in  our  attempt  to  justify  a  convenient  empirical  classification 
we  seem  unconsciously  to  reserve  for  ourselves  the  right  to  pick  out  of  a 
multitude  of  criteria  now  one,  now  another,  without  ever  consistently 
searching  for  binding  relations  between  the  criteria  or  rigorously  following 
them  out  to  their  inevitable  conclusions.  We  blind  ourselves  to  the  fact 
that  laboratory  phenomena  clearly  show  that  almost  any  element  taken  at 
random  under  chance  conditions  of  luminosity  will  by  its  different  lines 
afiford  examples  of  all  the  difJerent  affections  of  spectrum  lines  seen  in  a 
given  star  spectrum.  We  refuse  to  admit  that  it  is  the  star  which  exercises 
eclectic  choice,  and  commits  itself  in  general  to  a  fixed  and  constant  t\'pe  of 
spectrum — full  of  apparent  inconsistencies. 

Is  a  fixed  and  constant  spectrum  what  we  are  entitled  to  expect  of  a 
star  ?  I  would  say  no.  We  realize  from  the  comparison  of  a  few  of  Hale's 
spectroheliograms  how  unwise  it  is  to  expect  that  suns,  in  which  one  of  the 
essential  factors  in  the  mechanism  of  radiation  is  the  radial  convection 
currents,  should  show  any  spectroscopic  symptoms  of  pennanent  tangential 
stratification.     Consider  this  aspect  of  the  case  a  little  in  detail. 

I  wish  to  bring  forward  three  points,  A,  B,  and  C. 

A.  First,  we  will  for  a  moment  confine  attention  to  the  calcium  (Kj) 
spectroheliograms.  In  such  pictures  w^e  find  that  neighboring  regions  on 
the  sun  exhibit  ver\'  different  intensities  of  the  incandescence  of  K^  calcium. 
The  dark  regions  are  those  where  the  incandescence  of  K2  is  feeble  or  where 
the  motion  in  the  line  of  sight  is  so  great  that  the  Kj  line  is  displaced  oflf  the 
second  slit  of  the  sjjectroheliograph.  If  we  set  aside  this  latter  cause  of  dark 
flocculi  on  the  ground  that  it  is  probably  capable  of  producing  only  a 
small  |)art  of  the  observed  darkening,  we  may  take  it  that  these  spectrohelio- 
grams prove  that  calcium  glows  with  very  different  intensities  in  different 
parts  of  the  sun's  surface. 
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If  il  should  happen  that  the  integrated  area  of  the  bright  regions  over 
the  whole  (Hsk  of  the  sun  were  greater  than  the  integrated  area  of  the  dark 
regions,  then  tlie  ^peciruni  of  integrated  sunlight  would  exhibit  a  bright 
( aUium  line.  Its  easy  detection  as  a  bright  line  depends,  however,  on  the 
existence  of  the  dark  wings  of  K,;  for  if  these  wings  did  not  exist,  the 
bright  K,  line  would  appear  as  bright  as  the  neighboring  continuous  spec- 
trum, since  it  seems  to  be  the  observed  fact  that  the  bright  K^  line  over  a 
bright  tlocculus  is  about  ecjual  in  intensity  to  those  parts  of  the  continuous 
spectrum  which  are  not  darkened  by  the  wings  of  K,.  Thus  but  for  the 
darks  wings  of  K,  the  calcium  line  would  appear  as  a  narrow  dark  line  over 
a  dark  tlocculus;  it  would  not  appear  at  all  over  a  bright  tlocculus.  In 
the  case  of  the  sun,  however,  the  dark  wings  of  K,  are  always  present. 
Hence  (a)  if  the  actual  sun  were  observed  as  a  remote  star,  at  a  time  when 
the  integrated  bright  tlocculi  were  in  excess,  its  stellar  spectrum  would 
exhibit  a  broad  and  dark  K,  line  with  a  bright  K^  center;  whereas  if  the 
integrateti  bright  llocculi  were  in  defect,  the  bright  center  would  not  be 
visible.  And  (/>)  if  we  had  to  do  with  a  sun,  whose  spectrum  did  not  exhibit 
dark  wings  of  K,,  then  the  stellar  spectrum  would  show  a  dark  K2  in 
times  of  defect  of  bright  tlocculi,  whereas  in  times  of  excess  the  line  would 
be  simply  obliterated. 

These  considerations  (relating,  it  is  true,  to  a  single  line)  are  enough  to 
show  in  what  marked  degree  a  stellar  spectrum  may  be  a  residual  phenome- 
non in  the  conflict  of  two  o{)poscd  conditions,  represented  by  dark  tlccculi 
and  bright  tlocculi.  (The  bright  calcium  tlocculi  are  most  noticeable 
in  the  obviously  disturbed  regions  of  sun-spots.  They  call  for  special  con- 
sideration in  a  later  paragraph.)  Apart  from  the  sun-spot  zones,  the  calcium 
tlocculi  are  distributed  in  a  mottled  structure  over  the  whole  disk  of  the 
sun  in  a  way  that  suggests  the  active  influence  of  radial  convection  currents, 
which  seem  to  reach  almost  the  upper  surface  of  the  reversing  layer.  But 
the  persistence  of  the  darkness  of  the  K  line  in  the  integrated  solar  spectrum 
shows  that  in  this  general  mottled  network  of  flocculi  the  dark  regions  are 
greatly  in  excess  of  the  bright  flocculi;  there  is  in  fact  in  ordinary  solar 
conditions  no  risk  of  that  degree  of  variability  in  the  K  line,  that  would  make 
it  bri.ght  at  one  time  and  dark  at  another.  In  other  words,  the  stability  of 
the  condition  that  gives  a  dark  K  line  is  considerable  and  is  not  likely  to  be 
upset  by  the  convection  currents  beneath  the  reversing  layer.  It  is  other- 
wise evident  from  a  comparison  of  the  numbers  of  stars  of  difTerent  special 
types  that  the  solar  spectrum  is  in  a  sense  an  indication  of  a  condition  of 
fairly  stable  equilibrium  of  some  sort. 

With  respect  to  the  radial  convection  currents  let  me  call  to  mind  how 
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Kelvin's  estimate  of  the  power  of  sunlight  per  square  meter  of  sun's  surface 
has  been  put  by  Schuster  in  the  following  form : 

Taking  the  pressure  of  the  vapor  near  the  surface  to  be  one  atmosphere,  we 
may  say  that  all  the  heat  contained  in  a  layer  having  a  thickness  of  370  meters  is 
lost  by  radiation  in  each  second  of  time,  and  this  number  does  not  depend  on  the 
nature  of  the  vapor  or  on  its  temperature.  A  layer  of  that  thickness  would  have 
to  be  replaced  by  convection  in  every  second  if  the  temperature  of  the  surface  is  to 
l)e  maintained. — (Astrophysical  Journal,  17,  173,  1900.) 

I  would  therefore  put  it  that  though  these  powerful  radial  convection 
currents  form  a  mechanism  which  is  well  fitted  for  maintaining  a  photo- 
sphere, they  are  hardly  suited  for  producing  a  permanent  spectrum  ascribed 
to  vapors  floating  over  it.  Hale's  spectroheliograms  in  fact  seem  to  afford 
proof  that  the  reversing  layer  is  one  of  considerable  thickness.  The  bright- 
est flocculi,  however,  in  the  disturbed  regions  near  sun-spots  appear  at 
first  sight  to  demand  mechanism  of  a  different  kind.  But  I  incline  to 
believe  that  one  general  scheme  subject  to  local  ditlerences  can  be  imagined 
which  will  serve  to  co-ordinate  most  of  the  phenomena  of  stellar  and  solar 
spectra. 

1  find  myself  provisionally  regarding  all  stellar  spectra  and  also  local 
spectroscopic  phenomena  on  the  sun  as  conditioned,  not  mainly  by  matter 
which  comes  from  within  the  body  of  the  sun  or  star,  but  by  matter  which 
comes  from  without  and  is  more  or  less  slowly  working  in  upon  the  photo- 
sphere. 

Schwarzschild's  idea  of  radiative  equilibrium  {Xachrichten  d.  K.  Ges.  d. 
Wiss.,  Gbttingen,  1906)  is  very  helpful  in  this  view,  but,  as  I  understand 
it,  he  is  inclined  to  regard  it  as  applicable  to  the  case  of  what  one  may 
describe  as  a  finished  sun  radiating  in  empty  space. 

My  view  would  rather  be  that  we  must  never  lose  sight  of  the  constant 
activity  of  the  gravitational  attraction  of  the  sun.  Matter  is  always  com- 
ing in,  sometimes  in  the  shape  of  meteoric  stones  and  rocks,  sometimes 
in  finer  dust  or  vapor.  The  rapid  apjjroach  of  cold  dust  to  a  raging  sun 
and  the  rapid  recession  of  hot  dust  from  it  will  inevitably  result  in  splinter- 
ing and  splitting.  Radiation  pressure  will  c.xert  a  sifting  actit)n,  and  thus 
the  most  finely  divided  matter — much  in  molecular  state  and  the  rest  nearly 
so — will  be  that  which  will  "settle"  in  superbly  equably  mi.xcd  state  upon 
the  sun  after  circulating  round  it  for  perhaps  months.  Leaving  on  one 
side  for  the  moment  the  consideration  of  the  cjuestion  of  organized  rotation 
in  the  reversing  layer,  the  mei  hanism  whii  I1  I  suggest  seems  to  be  more  in 
conformity  with  our  knowledge  of  what  goes  on  in  the  solar  system;  and 
so  far  as  I  have  been  able  to  test  it,  it  .seems  to  be  a  more  resourceful  aspect 
of  the  |)henomena  of  stellar  spei  troscopy. 


RIAHMS  253 

B.  The  second  point  is  as  follows.  Hale's  success  in  taking  hydrogen 
spectrohelio^rams  has  led  him  to  the  discovery  of  the  remarkable  fad 
that  in  "general  where  calcium  Hocculi  are  hri^jht  there  are  dark  hydrogen 
llocculi.  The  discover)'  is,  not  only  that  hydrogen  llocculi  arc  <listriljuted 
over  the  sun's  surface  irregularly,  bright  here  and  dark  there,  but  also  that 
the  tlistribution  of  the  hydrogen  llocculi  is  comjjlementary  in  a  sense  to  that 
of  the  calcium  llocculi.  Now  this  would  seem  to  indicate  that  the  seat  of 
the  llocculi  is  the  same,  and  that  there  is  not  a  ditTerence  in  level  between 
the  strata  in  which  the  calcium  and  hydrogen  flocculi  appear,  but  that  the 
excess  of  incandescence  of  hydrogen  is  connected  in  some  way  with  the 
defect  of  incandescence  of  the  calcium.  Were  the  observed  fact  to  be 
referred  to  changed  conditions  in  different  levels,  it  would  appear  that  the 
only  way  of  accounting  for  the  complemcntar}'  nature  of  the  phenomena 
wouUl  be  to  admit  one  of  three  views:  (i)  that  the  incandescence  of  caliium 
shields  the  hydrogen  above  it  in  some  way;  or  (2)  that  the  elevated  "thun- 
derhead"  of  calcium  displaces  the  generally  glowing  hydrogen  into  an 
upper  region  where  it  is  incapable  of  continuing  to  glow;  or  (3)  that  the 
rising  of  the  calcium  "thunderhead"  displaces  the  hydrogen  sideways, 
making  it  fall  into  the  calcium  valleys,  where  it  glows. 

The  third  view  seems  to  introduce  a  mechanism  which  works  in  opposite 
ways  for  calcium  and  hydrogen:  for  it  is  the  uprising  calcium  that  glows 
in  Kj,  but  it  is  the  displaced  hydrogen  that  glows  in  descending  to  a  lower 
level. 

The  sect)nd  view  involves  the  idea  of  upheavals  persisting  for  several 
days.  The  first  view  demands  a  special  mechanism ;  it  may  be  forthcoming, 
but  it  is  unnecessary  to  develoj)  it. 

I  incline  to  accept  none  of  these  three  views.  Init  rather  to  think  that 
both  the  |)ersistence  of  bright  tlocculi  (in  particular,  calcium  K^  llocculi, 
involving  the  radiation  of  large  amounts  of  energy  for  many  days,  or  even 
months)  and  also  the  complementary  nature  of  hydrogen  and  calcium 
tlocculi  may  be  more  easily  referred  to  the  continued  descent  of  matter 
from  without  upon  the  sun's  surface.  Hale's  view  of  ascensional  currents, 
unless  I  misunderstand  it,  leaves  us  in  the  position  of  having  to  supj)ly 
energy  to  j)rovide  for  radiation  under  conditions  of  dynamical  loss  during 
e.xpansion.     The  descensional  currents  seem  to  afford  a  more  hopeful  as])cct. 

C.  In  tiie  third  j)lace,  let  us  consider  the  s[)ectrum  of  a  Ijright  calcium 
flocculus  in  a  disturbed  region  of  the  sun's  surface — i.  e.,  near  a  sun-sjiot. 
Probably  in  the  great  number  of  investigations  which  Hale  is  carrv'ing  out 
or  has  on  his  programme,  one  of  the  most  interesting  and  important  will  be 
that  which  deals  with  the  brightness  of  different  ])arts  of  the  s])ectrum  in  the 
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wings  i)f  the  K  line — the  photometric  researches.  It  would  ap{)ear  that 
the  bright  Kj  line  is  nearly  if  not  quite  as  bright  as  the  continuous  spectrum 
outside  the  dark  wings  of  K,.  It  would  also  appear  that  the  narrow  metal- 
lic absor{)tion  Unes  involved  in  the  shaded  edges  of  the  broad  Kj  Unc  are 
not  reversed  bright.  Now  if  the  dark  edges  of  the  K,  line  are  due  to  lower 
strata  of  calcium,  then  these  strata  must  darken  the  photosphere  and  impair 
its  power  to  make  metallic  lines  due  to  vapor  above  them  appear  as  absor]j- 
tion  lines.  The  fact  that  the  metallic  lines  remain  absorption  lines  in  the 
edges  of  K,  aflFords  means  of  arriving  at  an  estimate  of  limiting  values  of 
the  difference  in  ctTective  temperatures  of  the  strata  in  which  the  absoqjtion 
of  the  broad  edges  of  K,.  and  the  narrow  metallic  lines  involved  in  them 
originates.  It  is  evident  that  the  same  argument  which  would  stand  in  the 
way  of  our  assigning  a  lower  level  to  the  calcium  vapor  will  stand  also  in 
the  way  of  our  inverting  the  layers.  And  thus  until  we  have  photometric 
obscr\-ations  to  help  us,  we  are,  I  think,  driven  to  regard  the  seat  of  absorp- 
tion for  both  the  broad  calcium  line  and  the  narrow  metalHc  lines  as  resid- 
ing in  one  and  the  same  reversing  layer.  And  we  are  left  with  the  need  to 
find  explanation  for  the  formation  of  both  broad  and  narrow  absorjDtion 
lines  in  that  one  layer. 

Hale's  imagery  in  dealing  with  solar  flocculi  is  of  solar  "thunderheads," 
analogous  with  the  cumulus  clouds  connected  with  terrestrial  thunder- 
storms. If  in  attempting  to  account  for  the  persistent  emission  of  radiant 
energy  from  such  ascensional  clouds  of  calcium  we  try  to  develop  Schwarz- 
schild's  idea  of  radiative  equilibrium,  we  are  met  by  the  difficulty  that  if 
a  bright  K^  flocculus  is  incandescent  calcium  vapor  floating  over  cooler 
calcium  which  gives  a  broad  absorption  line  (Kj,  then  a  great  part  of  the 
photospheric  radiation  available  for  keeping  the  flocculus  glowing  is  cut 
oft'  by  the  cooler  strata  of  calcium  below;  and  unless  we  are  willing  to  admit 
that  the  glowing  of  the  flocculus  is  of  the  nature  of  fluorescence,  we  are 
driven  back  upon  electrical  or  chemical  modes  of  maintaining  the  radiation 
of  the  flocculus.  A  simple  mechanism  seems  available,  if  we  admit  a 
combination  of  the  recognized  emission  of  corpuscles  by  an  incandescent 
photosphere  with  gaseous  or  vaporous  matter  settling  in  upon  the  sun  from 
without. 

Hale  has  carefully  set  forth  in  his  book  the  case  for  temperature  varia- 
tion as  capable  of  being  made  the  basis  of  e.\j)lanation  of  sun-spot  and  stellar 
phenomena.  My  own  conviction  is  that  that  case  is  only  strong  enough  for 
a  general  exposition  of  the  subject  and  for  showing  how  the  new  methods 
give  hope  of  our  being  able  to  substitute  a  better  aspect.  This  is,  of  course, 
Hale's  point  of  view.     But  no  one  can  read  his  recent  scientific  papers  with- 


i<i:vn:\\s  255 

out  realizing;  that  he  is  committinj^  himself  more  and  more  deeply  to  that 
-doxy.  (I  naturally  refrain  from  prefixini;  to  that  hyphen  either  ortho- 
or  hetero-.) 

In  his  experiments  with  the  electric  furnace,  he  is  dealinj^  with  vapor 
permanently  inclosed  in  an  incandescent  tube,  which  according  to  all  the 
work  of  H.  A.  Wilson,  Richardson,  Horton,  and  ntlurs  must  he  full  of  free 
cor|)UScles.  The  substitution  of  the  furnace  in  |)lac  e  of  the  arc  must  give  us 
most  important  advances  of  knowledge  of  the  radiation  of  vapor  in  a  con- 
siderable space  under  conditions  specifiable  in  terms  of  temperature.  But 
it  must  never  be  forgotten  that  the  furnaie  is  electrical  Ix-th  in  name  and 
nature. 

Nothing  can  be  less  suitable  for  our  pur])ose  of  studying  temperature 
variation  than  methods  based  upon  arc  and  spark.  Each  epitomizes  a 
vast  range  of  conditions  both  electrical  and  thermal.  The  one  gives  instan- 
taneous explosions  of  the  most  c()nii)licate(l  conditions;  the  other  exhibits 
phenomena  which  depend  on  continued  tlux  of  vapor  through  exceed- 
ingly varied  conditions,  electrical  and  otherwise.  Out  of  this  agnostic 
impasse  safety  lies  along  the  path  of  the  method  of  experimenting  ado])tcd 
by  Hale,  but  the  goal  is  not  yet  in  sight. 

I  may  summarize  the  aspect  which  I  venture  to  suggest,  as  follows: 

We  have  suns  with  incandescent  photospheres  maintained  by  convection  cur- 
rents which  carr>'  the  energy  from  within  the  sun  to  the  radiating  photosphere. 
Such  suns  by  their  gravitationally  attracting  power  are  constantly  drawing  macter 
in  upon  their  surface.  But  their  radiation  exerts  by  the  agency  of  light-pressure 
a  selective  action  on  matter  so  attracted.  We  may  divide  the  attracted  matter 
into  three  categories:  (i)  molar  matter,  in  masses  large  enough  to  be  drawn  in 
spite  of  light-pressure,  having  diameters  longer  than  about  2h  times  the  wave- 
length of  light,  (2)  molecular  matter,  in  masses  small  enough  to  escape  in  virtue  of 
diffractional  etTects  the  repulsion  of  light,  having  diameters  less  ihan  about  one- 
tenth  of  the  wave-length  of  light,  and  (3)  light-driven  matter,  in  masses  intermedi- 
ate between  molar  matter  and  molecular  matter,  and  subject  to  the  repulsion  of 
light. 

The  reversing  layer  is  provided  by  molecular  matter  constandy  streaming 
across  what  we  may  call  a  critical  envelope  concentric  wiih  the  sun  and  probably  is 
in  a  slightly  modified  state  of  radiative  equilibrium.  The  constant  flux  of  matter 
here  involved  is  provided  by  those  constituents  of  the  planetary  whirl  of  molecular 
matter  circulating  round  the  sun,  which  are  directed  inward  upon  the  sun  in 
virtue  of  properly  directed  collisions.  This  constant  tlux  appears  to  me  to  be  of  the 
essence  in  the  suggested  aspect. 

The  molar  matter  may  be  active  in  producing  local  disturbances  which  result 
in  sun-spots  and  prominences. 
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The  light-driven  matter  is  probably  iniiniately  connected  with  the  apparent 
repulsion  of  comets'  tails. 

The  corona  is  formed  and  maintained  by  the  joint  action  of  molecular  matter 
and  light-driven  matter,  the  former  probably  being  involved  in  the  arches  and  the 
latter  being  responsible  for  most  of  the  long-drawn  streamers. 

Under  the  influence  of  local  disturbances,  regions  of  the  sun  may  emit  cor- 
puscles which  succeed  in  penetrating  the  lower  strata  of  the  reversing  layer  and 
cause  higher  strata  to  glow  as  if  their  effective  temperature  were  higher  than  lower 
strata,  and  thus  bright  flocculi  arise. 

The  difference  between  stars  of  the  first  and  second  type  might  be  referred 
partly  to  the  difference  in  ihe  relation  between  the  critical  envelope  and  the  photo- 
sphere, as  conditioned  by  the  mass  and  density  of  the  nucleus  within  the  photo- 
sphere, and  partly  to  the  inability  of  solar  stars  to  retain  hydrogen  and  helium 
(Schuster,  Aslrophysical  Journal,  ly,  197,  1903). 

The  peculiar  features  of  stellar  spectra  of  third  and  fourth  types  might  be 
viewed  as  the  result  of  the  accidental  nature  of  the  molecular  matter  circulating 
round  them.  The  third-type  stars  would  require  titanium  meteorites,  while 
those  of  fourth  type  would  be  fed  by  comets. 

The  most  difficult  ])art  of  the  whole  matter  seems  to  lie  in  accounting  for  the 
organized  rotation  of  the  vapor  which  we  observe  in  the  spectroscopic  determina- 
tion of  the  solar  rotation.  The  difllculty  lies  in  the  reconciliation  of  the  high  plane- 
tar)'  velocities  that  mu.st  e.xist  in  the  whirl  of  gas,  with  the  low  value  of  the  observed 
velocity  on  the  sun's  equator.  It  would  seem  certain  that  the  survival  of  narrow 
Fraunhofer  lines  must  be  a  residual  phenomenon. 

If  the  sun's  mass  were  to  increase  by  4X  lo'  grams  per  second  for  a  million 
years,  the  period  of  the  earth  in  its  orbit  (the  length  of  the  year)  would  be  dimin- 
ished by  ToVo  of  a  second.  Such  an  increase  of  mass  would  be  brought  about  by  a 
continuous  stream  of  matter  over  the  whole  surface  of  the  sun  at  a  rate  of  about 
6.6X  io~'-»  grams  per  second  per  square  centimeter;  that  is,  by  30  particles  (each 
of  diameter  -^  10  and  sp.  gr.  5.5)  par  second  per  square  centimeter,  or  by  gas 
of  molecular  weight  of  air  streaming  in  with  velocity  i  cm/s3C.  at  pressure 
75Xio-'2Xatmospheric  pressure,  or  by  3000X10^  molecules  of  air  per  second 
per  square  centimeter. 

No  one  can  be  more  conscious  than  myself  of  the  immaturity  of  this 
suggested  aspect.  I  have  tried  in  setting  it  forth  to  steer  a  course  between 
the  unintelligible  by  reason  of  brevity  and  the  unendurable  by  reason  of 
length,  and  the  statement  of  the  case  needs  must  suffer.  But  it  would  seem 
well  to  submit  it  for  what  it  is  worth  to  the  tender  mercies  of  workers  who 
may  be  ready  to  co-operate  in  fleveloping  the  best  sides  of  it  and  eliminat- 
ing the  bad. 

H.   K.  Xi:w.\LL 
Cambridge 

December  24,  1908 
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The  shape  of  the  sun  and  the  possiljihty  of  changes  in  ils  dimen- 
sions have  been  matters  of  keen  interest  to  astronomers  for  about  a 
century.  Among  those  who  have  contributed  to  the  discussion  of 
these  questions  we  may  mention  \'on  Lindenau  (1809),  Bianchi 
(1831),  Secchi  (1871),  Auwers  (1873  ^^id  1895),  Newcomb  and  Holden 
(1874),  Ambronn  (1Q05),  and  Poor  (1908).  In  the  last  of  Poor's 
papers-  there  are  full  references  and  complete  abstracts  of  all  the 
most  important  discussions  of  the  subject.  It  is  sufficient  to  state 
here  that  up  to  Auwers'  work  in  1885  the  observations  were  obtained 
with  meridian  instruments,  that  the  later  observations  of  Auwers 
and  those  of  Ambronn  were  made  with  the  heliometer,  and  that  Poor's 
work,  aside  from  a  rediscussion  of  the  heliometer  measures  of  Auwers 
and  Ambronn,  was  based  upon  twenty-two  Rutherford  plates  taken 
in  the  years  1870-72,  nine  Northfield  plates  taken  in  1893-94,  and 
six  Yerkes  Observatory  plates  taken  in  1907.  In  using  these  photo- 
graphic plates.  Poor  limited  his  discussion  to  the  question  of  the 
differences  in  the  ecjuatorial  and  polar  diameters. 

»  This  paper  was  prepared  by  the  author  as  a  research  Associate  of  the  Carnegie 
Institution.  Since  it  was  written  Professor  K.  B.  Frost  called  the  writer's  attention 
to  the  fact  that  Ritter  had  treated  certain  phases  of  the  problems  considered  here,  in 
his  celebrated  memoirs  in  Wiedemanns  Annalen,  Vols.  5-20  (1878-83).  The  methods 
employed  by  Ritter  are  altogether  different  from  those  used  here.  It  will  be  noted 
below  where  the  results  are  common. 

'  "An  Investigation  of  the  Figure  of  the  Sun  and  of  Possible  \ariations  in  Its 
Size  and  Shape,"  Annals  oj  the  N.  Y.  Acad.  Sci.,  l8,  No.  9,  Part  IIL  385-424,  1908. 
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The  ri'sulls  obtained  in  llie  various  in\cstigalions  have  been  most 
discordant.  \'on  Lindenau  reached  the  conclusion  that  there  are 
periodic  variations  in  the  sun's  diameter;  from  the  same  observation 
Auwcrs  came  to  the  opposite  conclusion;  Secchi  found  the  diameter 
varying  inversely  with  the  number  of  sun-spots;  Auwers,  from  the 
same  data,  found  no  variations;  New  comb  and  Holden  reached  the 
result  that  there  is  no  long-term  variation;  in  his  first  discussion  of 
the  heliometcr  observations  Auwers  found  that  the  diameter  varies 
directly  as  the  number  of  sun-spots,  and  in  a  second  discussion  that 
the  apparent  variation  was  due  to  varying  personal  equations;  and 
Ambronn  was  convinced  that  during  the  interval  of  thirteen  years 
covered  by  his  observations  there  was  no  ])eriodic  or  secular  change 
in  the  diameter  of  the  sun  exceeding  o''i. 

The  conclusions  respecting  the  shape  of  the  sun  were  equally 
varied,  the  polar  diameter  being  found  a  Httle  greater  than  the  equa- 
torial about  as  often  as  the  opposite.  Poor  infers  from  all  the  evidence 
that  "the  exact  shape  of  the  sun  is  not  known  with  certainty;"  and 
that  the  difference  in  the  })olar  and  equatorial  radii  is  probably  not 
more  than  o''25.  He  states  that  the  heliometer  observations  show  a 
fluctuation  in  the  size  of  the  sun  of  probably  not  over  o''io.  Ambronn 
thinks  there  is  no  observational  evidence  of  changes  in  its  dimensions.' 

In  scientific  work  there  is  rightly  no  higher  evidence  than  the 
observational.  The  facts  derived  from  observations  lead  to  theories 
and  sometimes  overthrow  them.  Yet  theories  and  theoretical  work 
may  often  guide  observations,  as  in  the  case  of  the  discovery  of  Nep- 
tune, or  reveal  inconsistencies  and  errors  in  them.  At  the  present 
time  theories  are  most  apt  to  be  of  service  in  subjects  of  a  dynamical 
character,  for  the  foundations  of  mechanics  are  laid  deej)  in  an  enor- 
mous mass  of  experience,  and  the  fundamental  ])rinciples  of  it  have 
been  shown  to  be  consistent  with  the  ])henomena  of  the  physical 
universe  with  a  thoroughness  and  degree  of  accuracy  approached  in 
no  other  part  of  science.  Now  the  questions  of  the  form  of  the  sun 
and  the  possible  variations  in  its  dimensions  are  of  a  dynamical 
nature,  and  may  well  Ije  considered  from  the  dynamical  standpoint. 

In  considering  the  shaj)e  of  the  sun  we  may  inc[uire: 

I.  What  the  character  of  the  figure  of  e(|uilibrium  of  such  a 
mass  is. 

■  Astrophysical  Journal,  23,  344,  iyo6. 
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II.  The  cxtfnt  of  its  dcviiilion  from  sphrrii  ity. 

III,  The  charaeler  and  periods  of  the  oscilhitions  it  may  undergo 
if  its  etiuihhrium  is  (listiirl)e(l. 

In  considerinj;  the  possihihly  of  i  han.i^es  in  the  (Hniensions  and 
shajX"  of  the  sun  we  may  in(|uire: 

I\'.  Tlie  elTei't  upon  its  rate  of  rotation; 

\'.  The  elTeet  upon  its  I'ueri^'y  of  rotation; 

\T.  The  elTeet  upon  its  jjolential  energy; 

MI.  The  elTeets  ujum  its  temi)erature  and  rate  of  rathalion. 

\'1I1.  Whether  the  resuUs  may  not  be  used  to  c.\j)lain  some  of 
the  j)hcnomena  of  \arial)k'  stars  of  certain  types. 

We  shall  consider  these  ([ueslions  brietly  in  this  order. 

I.       lliK    riCTRE    OF    THE    SUN 

If  the  sun  were  a  homogeneous  licjuid  its  figure  of  equilibrium  for 
steady  rotation  (omitting  certain  theoretical  figures  having,  for  its 
density  and  rate  of  rotation,  ciuite  ditTercnt  shapes)  would  be  .strictly 
an  oblate  spheroid  whose  degree  of  oblateness  would  dej)end  u])on 
its  density  and  rate  of  rotation.  It  is  practically  certain  that  the 
density  of  the  sun  increases  below  its  surface,  at  least  as  far  as  it  remains 
approximately  gaseous  in  character,  and  the  increase  in  density  may 
continue  even  to  its  center.  If  this  central  condensation  were  slight 
the  form  of  ecjuilibrium  would  remain  nearly  an  oblate  si)heroid.  It  is 
known  from  a  consideration  of  the  limiting  case  of  an  atmosphere 
of  vanishing  mass  surrounthng  a  rigid  spherical  center,  and  from  the 
investigations  of  Clairaut,"  that  a  heterogeneous  body  of  this  character 
will  be  less  oblate  than  a  homogeneous  mass  of  the  same  mean 
density  and  having  the  same  rate  of  rotation.  This  is  verified  by 
actual  observations  in  the  case  of  the  earth,  Jupiter,  and  Saturn,  the 
difference  being  very  marked  in  the  case  of  Saturn. 

On  the  other  hand,  a  prolate  spheroid  is  not  a  figure  of  equilibrium 
for  the  homogeneous  fluid.  Neither  is  it  a  figure  of  equilibrium  for 
a  fluid  mass  whose  density  increases  continuously  toward  its  center 
of  gravity.  Therefore,  if  the  sun  is  a  figure  of  ecjuilibrium  we  are 
justified  in  concluding  that  it  is  oblate  and  a])j)roximately  spheroidal 
in  form,  and  that  its  oblateness  is  less  than  that  of  the  corresponding 
homogeneous  mass. 

'  Tisserand,  Mecanique  celeste,  2,  chap.  xiii. 
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II.       THE    OBLATENESS    OF    THE    SUN 

The  relation  between  the  rate  of  rotation,  density,  and  oblateness 
of  the  homogeneous  spheroid  is  the  well-known  equation' 

*«'        I   i  /    ,  X  X  tan-'  X        / 

where  a  is  is  the  angular  rale  of  rotation,  /^^  the  gravitational  constant, 
and  <T  the  density.     Let  a  represent  the  equatorial  radius,  h  the  polar 

radius,  and  then  X  is  defined  bv  a^ ^ b' ii -\- X"") .     Let  — rr  =  V  and 

expand  the  right  member.     Then  we  get 

Inverting  this  series  we  have 

a  convenient  formula  for  com] )u ling  X-  when  v  is  small. 

Taking  the  mean  solar  day  as  the  unit  of  time,  the  mass  of  the  sun 
as  the  unit  of  mass,  the  mean  distance  from  the  earth  to  the  sun  as 
the  unit  of  distance,  the  period  of  the  sun's  rotation  as  25.3  days,  and 
its  density  as  i  .41  times  that  of  water,  we  find  in  the  case  of  the  sun 

Hence  equation  (2)  gives 

A^  =  75Xio-6. 

If  we  let  e  rci)resent  the  ellipticity  we  have 

a-b  L_^      -^^     ,x 

o  I    i+A^      2      *  •^' 

The  actual  ellipticity  of  the  sun  must  be  less  than  this  ([uantity. 
The  difference  in  the  equatorial  and  polar  diameters  of  the  sun  must 
be  less  than 


20-26-26(1    i+\'-i)=b{X'-\X^.  .  .)  .  (3) 

Taking  2b,  as  seen  from  the  earth,  equal  to  1920"  we  find  that  the 
dilTerence  in  equatorial  and  polar  diameters  of  the  sun  must  be  less 
than  o''o7  as  seen  from  the  earth.  Even  if  only  the  order  of  this 
result  is  correct,  the  ({uantily  in  (question  is  beyond  observation  with 
present  means. 

'  Tisserand,  op.  cit.,  chap.  vi. 
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III.      OSCILLATIONS   OF   THE   SUN 

Consider  an  incom])rcssiblc  homof^cncous  licjuid  in  a  stable  figure 
of  cciuilibrium.  For  llu-  nionunl  wc  shall  nej!;lc'ct  the  rotation  and 
suj)pose  the  figure  is  a  sphere.  If  it  is  deformed  slightly  and  left 
to  its  own  gravitation  it  will  oscillate  around  the  spherical  sha|)e, 
the  amplitude  of  the  oscillation  depending  upon  the  extent  of  the 
original  deformation,  and  its  period  upon  the  character  of  the  defor- 
mation. It  is  a  well-known  theorem  that  any  slight  deformation  of 
a  sphere  may  be  represented  by  a  converging  series  of  spherical  har- 
monics. The  period  of  oscillation  of  each  harmonic  term  will  depend 
upon  the  order  of  the  harmonic.  The  problem  of  determining  the 
characteristics  of  this  sort  of  gravitational  oscillations  of  a  sphere' 
was  first  solved  by  Lord  Kelvin,'  and  he  showed  that  the  period  of 
oscillation  of  the  harmonic  of  order  ;/  is 

j    2n  +  i       la  . 

i  „  =  277-^ -^   -   ,  (4) 

\  2M(n  — i)  \^ 

where  a  is  the  radius  and  g  the  surface-gravity.  Since  g  is  directly 
proportional  to  the  density  and  first  power  of  the  radius  it  follows 
that  T„  depends  only  upon  the  order  of  the  harmonic  and  the  inverse 
one-half  power  of  the  density. 

The  tirst  value  of  n  having  physical  apphcation  to  the  problem  under 
consideration  is  n=2,  and  the  period  of  the  corresponding  term  is 


--'  Wr 


S*^  8-  (5) 


for  a  homogeneous  mass  having  the  dimensions  and  mean  density 
of  the  sun.  The  higher  the  order  of  the  harmonic  the  shorter  the 
period  of  oscillation. 

In   considering  the  oscillations  of   a  viscous  spheroid  Professor 
Lamb  has  shown  that  the  time  it  takes  the  amplitude  of  a  harmonic 

oscillation  to  decrease  to  -  =  0.37  .  . .   of  its  original  value  is^ 

(6) 


(«  — l)(2W-f-l)        V 

where  v=-  ,  o- being  the  density  and  f^  the  coefficient  of  viscosity. 

'  Phil.  Trans.,  153,  612,  1863. 

'  Proceedings  oj  the  London  Math.  Sac,  13,  61,  1881-82. 
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For  water  at  moderate  temperatures  1^  =  0.014;  then,  taking  11  =  2, 
as  in  applying  (4),  equation  (6)  gives  for  a  body  having  the  size  and 
mass  of  the  sun  t  =  22X10'^  years.  The  rate  at  which  friction  de- 
stroys the  oscillations  increases  as  the  order  of  the  harmonic  increases. 
In  a  body  having  the  size  and  mass  of  the  sun  a  gravitational 
oscillation  represented  by  a  harmonic  of  low  order,  once  started,  will 
persist  for  an  extremely  long  time. 

But  these  results  are  not  applicable  to  the  sun  without  modifica- 
tion. In  the  first  place  the  sun  is  undoubtedly  much  condensed 
toward  its  center,  and  this  will  have  an  effect  on  the  period  of  the  gravi- 
tational oscillations.  Because  of  the  increased  mean  potential  the 
period  is  decreased  by  this  factor.  In  the  second  place  the  material 
is  compressible  and  probably  highly  elastic  as  regards  compressibihty. 
This  factor  probably  will  also  somewhat  decrease  the  period  of  an 
oscillation.'  These  considerations  lead  to  the  conclusion  that  if  the 
sun  is  undergoing  oscillations,  their  periods  are  only  a  few  hours, 
though  separate  oscillations  of  different  periods  may  unite  at  long 
intervals  like  "beats"  in  musical  notes.  It  is  not  improbable  that 
the  sun  is  yet  undergoing  slight  oscillations  started  by  some  ancient 
disturbance. 

IV.       EFFECT    OF    OSCILLATIONS    L'PON    THE    RATE    OF    ROTATION 

The  hypothesis  is  expUcitly  made  here  that  the  sun  is  not  now  sub- 
ject to  sensible  external  disturbances.  Hence  all  changes  in  its 
dimensions  and  rotation  must  come  from  internal  forces,  and  it  follows 
that  its  moment  of  momentum  will  be  constant.  The  formula  for 
the  moment  of  momentum,  M,  is 

where  m  is  the  mass,  A  one  of  the  linear  dimensions,  «  the  angular 
rate  of  rotation,  and  C  a  constant  depending  upon  the  shape  of  m, 
the  definition  of  A,  and  the  distribution  of  density.  For  simplicity 
we  shall  suppose  that  the  sun  is  always  homogeneous,  though  it  is 
almost  certainly  densest  far  below  its  surface.  We  shall  suppose  also 
that  its  axis  of  rotation  is  always  an  axis  of  symmetr}-.     The  general 

'  In  Emden's  Caskugeln,  which  was  received  after  this  paper  was  in  type,  the 
computation  is  made  (p.  452)  under  a  number  of  simplifying  assumptions,  and  the 
period  of  oscillation  for  the  sun  is  found  to  be  two  hours. 
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character  of  ihc  results  cannot  be  changed  by  this  assumi)tion.  Then, 
whatever  may  be  its  shape  at  any  time,  the  distance,  r,  from  its  center 
of  gravity  to  its  surface  can  l)e  ex])resse(l  unicjucly  in  the  form 

r=a[i  +/>o4-/',/\(</>)+/',P,(<^)+.  .  .  ]  ,  (7) 

where  4>  i^  ihe  cohitilude,  i^,(<^)  Legendre's  coeiVicient  of  the  ;ah 
order,  and  p„  numbers  depending  upon  its  shape.  If  the  mass 
changes  in  shajje,  the  Pn{4*)  remain  fixed  while  the  p„  var}-.  In 
particular,  if  the  mass  undergoes  periodic  oscillations  the  p„  vary 
periodically,  and,  so  far  as  first-order  disturbances  are  concerned, 
independently  and  with  dilYerent  periods.  A  change  in  p^  implies 
a  simple  spherical  dilatation,'  while  a  change  in  the  other  />„  involves 
a  change  in  shape  as  well  as  in  volume.  For  example,  the  sphere 
modified  by  the  term  depending  on  p^  is  prolate  or  oblate  according 
as  pj  is  positive  or  negative,  while  the  term  depending  on  p^  deforms 
the  sphere  into  an  egg-shaped  figure.  The  periods  of  the  oscillations 
depend  upon  many  uncertain  factors  such  as  the  elasticity  of  the  sun, 
the  distribution  of  its  density  and  temperature,  and  the  effects  of  the 
enormous  internal  stresses  to  which  its  matter  is  subject.  On  this 
account  it  is  difficult,  if  not  impossible,  to  determine  the  periods  of 
the  p„  in  the  actual  case  with  any  degree  of  certainty.  But  the  exact 
periods  are  not  important  in  the  present  connection.  The  work  of 
Kelvin  gives  their  general  order  of  magnitude.^ 

Since  the  origin  has  been  taken  at  the  center  of  gravity  we  have 

I  p  cos  <i>dm=(T  I        I      I  P^  cos  4>  sin  4>dpd4>dB=o  ,  (8) 

where  p  is  the  distance  from  the  center  of  gravity  to  the  element  of 
mass  dm.     Integrating  with  respect  to  p,  substituting  for   r  from 

I  Ritter  treated  infinitesimal  dilatational  oscillations  under  the  hypotheses  that  the 
mass  is  always  spherical  and  homogeneous,  and  that  it  obeys  the  laws  of  gases  in 
its  expansion  and  contraction,  op.  cii.,  8,  §  25,  174  (1879);  and  finite  oscillations 
under  the  same  hypotheses,  op.  cit.,  13,  §  41  (1881).  His  analysis  did  not  cover  the 
more  important  oscillations'specified  by  PiPi,  P3P3,  .... 

'  Under  his  hypotheses,  Ritter  found  for  the  sun  7'  =  5h.  50m.  op.  cit.,  8,  178, 
(1879).  The  dilatational  oscillations  were  not  included  in  Kelvin's  analysis,  for  he 
treated  only  incompressible  fluids. 
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equation  (7),  and  making  use  of  the  properties  of  the  integrals  of 
spherical  harmonics,  we  have  up  to  terms  of  the  order  p^p^, 

Pi  =  -tip2p3-  ••  •  (9) 

Therefore  pi  is  small  relatively  to  p^  and  p^  and  it  may  be  neglected. 
As  was  seen  from  equation  (6)  the  terms  depending  upon  harmonics 
of  higher  orders  are  most  quickly  reduced  by  friction.  Therefore 
it  will  be  unnecessar}'  to  go  to  terms  of  high  order. 

Since  the  continuity  condition  of  incompressible  fluids  has  not 
been  imposed,  the  volume  and  mean  density  will  in  general  change 
with  the  shape  as  well  as  with  the  dilatation  expressed  through  p^^. 
Letting  v  represent  the  volume,  we  have 

v=-  \dm=  ]       \     \p'  sin  4>dpd<i>dd  , 

a- J  Jo    Jo  Jo 

which  becomes  after  integrating,  as  above, 

^    ^    ^^L    5i^+por  7i^+poy  35i^+po)'      J    ^  ^ 

We  shall  now  compute  the  moment  of  inertia  of  this  mass  with 
respect  to  its  axis  of  symmetry,  which  we  shall  assume  is  also  its  axis 
of  rotation.     It  is  defined  by  the  equation 

/=— =o-  I       1      I  /o4  s\n3<f>dpd(f>d6  . 

w  Jo      Jo   Jo 

Making  use  of  the  fact  that  sin^<^=f(i  —  P^)  and  carr}'ing  out  the 
integration  as  in  the  preceding  cases,  we  find 

^Making  use  of  (10)  this  equation  becomes 

or,  with  sufficient  accuracy  when  po^  P2,    •  ■  •  arc  small, 

M  =  ima'[i  +2p^+pi-p,-pop,  +  ipl+pl  +  .  .  .]o>  .  (12) 

27r 

In  astronomical  units  for  the  sun,  m  =  i,  a=A66Xio~^,  00  = , 

.  25.3' 

and  pQ,  />j,  .  .  .  are  ver>'  small.     Hence  equation  (12)  gives  M=2i6 

X  io~®  for  the  sun. 

Oscillations  in  the  sun  cither  in  dimensions  or  in  form  will  change 
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its  rate  of  rotation.  \Vc  may  in(iuirc  whctlicr  the  possible  direct 
j:hangcs  in  dimensions  and  form,  or  the  consequences  of  these  changes 
upon  the  rate  of  rotation,  may  the  more  easily  be  observed.  We  note 
immediatelv  that  the  graxitational  and  clastic  oscillations  have  short 
periods,  and  that  there  are  no  jjcrmancnl  markings  on  the  sun  from 
which  its  period  can  be  accurately  determined.  Consequently  we 
see  that  this  indirect  process  is  probably  doomed  to  failure.  But  we 
may  still  inquire  whether  the  possible  secular  shrinking  may  not 
more  quickly  be  detected  by  observations  of  the  acceleration  of  its 
rotation  than  by  direct  measurements  of  its  dimensions.  If  we 
represent  its  period  by  P,  we  have  from  (12),  when  po  =  p2  =  -  •  -=0 

27r     ^irma^ 

Suppose  the  radius  shrinks  the  fraction  of  its  diameter  pQ.  Then 
the  period  of  rotation  becomes 

47rwa'(i-/>o)' 

Suppose  the  shrinkage  in  diameter  is  i''o.     Then 

and  we  have 

P'-P=  -^^^pji  -t\  =  _o.o265d.  =  -38  minutes.  (13) 

That  is,  the  diminution  of  period  is  so  small  that  it  could  not  be 
determined  with  certainty,  and  we  conclude  that  the  change  in  diam- 
eter will  be  observed  before  the  change  in  the  rate  of  rotation. 

V.      EFFECTS   OF   OSCILLATIOXS   OF   THE   SUX   UPOX   ITS   ENERGY 

OF   ROT.A.TIOX' 

The  rotational  energy  of  the  sun  is 

E=\Io^^=\M^.  (14) 

As  a  consequence  of  (12)  this  reduces  to 

■  E  =  ^-^^i-2p,^2,pl+p2-3pop2-lpl-pl  •■■]■  (15) 

I  Ritter  recognized  this  factor,  13,  370,  but  made  no  discussion  of  its  importance, 
even  in  the  case  of  simple  expansion  and  contraction  which  he  considered. 
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The  sun  is  rotating  so  slowly  that  the  changes  in  its  energ}-  of  rota- 
tion produced  by  any  admissible  oscillations  will  be  found  in  the, 
applications  which  follow  to  be  relatively  unimportant. 

VI.      EFFECTS   OF   OSCILLATIONS   OF   THE   SUN   UPON  ITS 
SELF-POTENTIAL 

We  shall  now  compute  the  potential  of  the  whole  mass  upon  itself. 
Representing  this  potential  by  W  we  have 

]r  =  ^^^Jj;«J^,  (i6) 

where  dm  and  dm'  are  any  two  distinct  elements  of  mass,  A  the  dis- 
tance between  them,  and  where  the  integrals  must  separately  be 
extended  over  the  entire  body.     We  shall  first  compute 

F= j  --  .  (i7> 

Let  the  co-ordinates  of  dm'  be  p',  </>',  0'  and  those  of  dm  be  /J,  </>,  0. 

Then 

dm'=(rp'^  sin  <t>'dp'd<f>'de',  ) 

A2=p2-f  p'^  — 2pp' cos  y,  where  >             (i8) 

cos  y=cos  «^  cos  <^'-|-sin  ^  sin  <fi'  cos  {0  —  6')  .  ) 

Then  we  have 

V  =  Vi  +  V2,  where 


In  the  region  of  integration  covered  in  1',  we  have 

and  in  the  region  of  integration  covered  in  V^, 

where    Y„  (<f>,  <l>',  0,  6')    is    Laplace's  coeihcient  of    the  wth  order. 
Consequently 
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which,  by  the  j)roj)ertics  of  the  integrals  of  spherical  harmonics, 
becomes 

\\=^Tr(Tpr  (22) 

Similarly  F,  becomes 

Substituting  the  limits,  this  equation  may  be  written 
r,  =  rVHFf/\  where 

!'(;)= -(7  r  171^+'''^''+'''  lo<rpr,+.  .  . 

j    I  -  +  prr,  +pMogrl',  +  .  .  . 

+  - —V„  +  .  .  .     sin  4>'d<l>'de\ 

—  n  +  2  J 

We  find  at  once 

\ni^=-27r(Tp'.  (24) 

The  value  of  r  from  (15)  must  be  substituted  in  the  expression 
for  V[^K     ^Making  use  of  the  general  equations 

r    ('V„.(</>Or„/<^,  <t>',  e,  6')  sin  <i>'d<^'dd'=o,  n,^n,  , 

Jo     »/o 

C  rPn{<i>')y„{<i>,  4>',  0, 6')  sin  ^'d<f>'de'=^^p„{<p) , 

Jo    Jo  2n  +  i 

logr  =  log.(,+W+£(-,)-.[^^P,  +  ^^P,  +  .  .  .], 

»=I 

we  get 
where 

B  =  crpa(i  +/>o)  f"  (Ti  +  -tV^^  +  -  •  -l^"'  sin  <i>'d<i>'de' 

Jo      Jo    \_  l+po  J 

=0  except  for  terms  involving  />,  , 
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C  =  <rp^\  ■    loga(i+/>o)  + 

, 'o      , /o       ^ 

'^-^  Li+/'o        i+Z'o  J  ) 


5        i+/'o 


i,i-2)a"-^{i+Po)"-\}o    Jo  L       i+/'o         i+Z'o    '     ■■■ 

+  ^P>.+  ■  ■  -T"^'  l'«  sin  <^V<^'J^',  »^3  , 


(25) 


ATTCrp"  

(2»  +  i)a"   ^  (i+^o) 
Collecting  results,  we  have  finally 

5        i+/'o    ^   '      7    aCi+Z'o)  i+Z'o     '^^ 
Therefore  (18)  becomes 

W  =  \k'ivdm  =  \k'(T^'    C    Cvp'  sin  <}>dpdcf>dO  . 

Substituting  the  value  of  V  from  (25),  performing  the  integration 
with  respect  to  p,  making  use  of  (7),  and  completing  the  integration, 
we  find 

Since  we  are  supposing  that  the  density  is  uniform  we  have,  making 
use  of  (10), 

or,  with  sufficient  approximation, 

W  =  ik''^[i-Po-lPl-\lP]...].  (27) 
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The  first  term  of  this  expression  is,  of  course,  the  potential  of  a  sphere 
upon  itself  with  respect  to  infinite  dispersion  as  the  standard  of  refer- 
ence.' 

VII.      EFFECTS   OF   OSCILLATIONS   OF   THE   SUN    UPON    ITS 
TEMPERATURE   AND    RATE    OF    RADIATION 

Let  T  represent  the  absolute  tem])eraturc  of  the  sun,  s  its  specific 
heat,  and  H  its  rate  of  radiation.  For  simplicity  we  shall  suppose 
T  and  s  are  uniform  throughout  the  whole  mass,  and  that  5  is  constant 
with  respect  to  the  time.  Let  A'  represent  the  kinetic  energ}-  of  the 
oscillations.  Consider  any  two  ci)ochs  /,  and  /,  and  let  the  various 
quantities  at  these  e{)ochs  be  distinguished  by  the  corresponding 
subscripts.     Then  we  have  by  the  law  of  the  conser\'ation  of  energ}' 

E,-]\\+nisT,+K,=E,-W,  +  msT,+K,+  Ckdt  .  (28) 

Di\'iding  by  /^  —d  and  passing  to  the  hmit  as  /,  — /,  :r^o,  and  then  mak- 
ing use  of  equations  (15)  and  (27),  we  get 

dt     ^  a     I       dt      ^  dt      ^'■'  dt   '  "  \ 

5M'  i^J/>o  dpi         dp,  )      _J_d^_J_TT  (         . 

2sm'a^  )  ^  dt      ^  dt       dt   '  '  '  \       ms    dt      ms      '     ^^^^ 

In  order  to  treat  this  equation  we  must  express  H  in  terms  of  T. 
Stefan's  law  of  radiation  for  a  black  body  is  that  H  is  proportional 
to  the  product  of  the  radiating  surface  and  the  fourth  power  of  the 
absolute  temperature.  WTiile  it  is  not  to  be  supposed  that  this  law 
applies  strictly  to  a  star,  still  it  seems  probable  that  it  will  give  the 
order  of  the  true  results.     Hence  we  may  write 

H=cST^,  (30) 

where  c  is  a  constant  depending  upon  the  units,  and  5  is  the  whole 
surface  of  the  radiating  body. 

If  we  represent  an  element  of  the  surface  by  ds,  we  have 

'  Moulton,  Introduction  to  Celestial  Mechanics,  pp.  37  ff.  (49). 
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By  means  of  equation  (7),  and  the  general  formula 

dP 

— ;'  =  -[(2»-i)A,_,  +  (2»-5)P„_,  +  (2;/-9)P„_,  +  .  .  .  ]  sin  <^  , 
09 

equation  (31)  becomes 

(i+/'o)Vo  Jo    /      i+Po       i+po  '    2(i+p^y^    '^^  '        ^^ 

i(7|ijj2^3+  (I  +5^.)^sin=  <!>]  +  ...  [    sin  <f>dH0  •  (32) 

Making  use  of  the  fact  that  sin^<^  =  §(i -Pjand  of  the  properties 
of  the  integrals  of  spherical  harmonics,  this  equation  reduces  to 

S=4^a^\i-2p,  +  ipl  +  pl  +  .  .  .\  .  (33) 

Substituting  (30)  and  (33)  in  (29),  we  have 

dt     ^  sa    \       dt      ^'dt      "^^  dt   "  ' 

SM^    j  ^dpo      dpi    dp,         {^ 

2sm^a'  I  ^  dt      ^  dt       dt    '  '  '  \ 

In  a  body  like  the  sun  c  is  very  small.  Hence  for  intervals  of  not 
more  than  a  few  weeks  T  may  be  integrated  as  a  converging  series 
of  the  form 

r=»o+":^+»2<-^+. .  ••  (35) 

Substituting  (35)  in  (34),  and  integrating,  we  fmd 
sm  Ji^   I  ) 

«.  =  -^'£|    l-2Po{t)+iPl{t)+Pl{t)  +  .  .   .    I  Uiu.dt 

where  Tq  is  the  temperature  at  /  =  /o.     Equation  (30)  becomes 

H=cS[Uo  +  ti,c  +  ...Y  .  (37) 


+  ^^  ]  2[Po{0-poiQ]-[pAn-p.iio)]-~Jif^{t)-Km  I  .       (36) 
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Wc  shall  a])j)ly  these  equations  to  the  sun  for  those  short-period 
oscillations  which  alone  can  exist.  There  may  be,  of  course,  a  secu- 
lar contraction  or  exi)ansion  w  hich  nii.u;ht  l)c  accounted  for  through  p^. 
Since  the  present  radiation  of  the  sun  could  lower  its  temiK-rature 
at  the  most  only  a  very  few  degrees  in  a  year,  we  may  for  intervals 
of  not  more  than  a  few  days  regard  T  as  efjual  to  Uq.     As  was  seen 

following  equation  (12)  — ^  for  the  sun  is  very  small  relatively  to  the 

second  term  of  Uq,  and  the  term  involving  this  factor  may  be  neglected. 
Then  the  expression  for  7'  becomes  with  >utTicient  approximation 
for  applications  to  the  sun 

T=Ton—  I  -[po{i)-po{to)]-imt)-pi{Q] 

-\l[pliO-PliQ]  +  . . .  I  -^;a'(/)-a-(/o)]  ,       (38) 

and  the  rate  of  radiation  is' 

H=47ra^c  j  ro-f[-|^^'+^°]  [Po{0-poiQ]  + 

l[-|^  +  ?^o]l/'^(0-/'^(^o)]+[^'^+^°][/'K0-/'KO] 


+ 


I 

W5' 


[A'(0-A-(/o)]J  .  (39) 


We  shall  now  reduce  these  equations  to  numbers.  For  this  pur- 
pose we  shall  select  as  units  of  mass,  distance,  and  time,  the  kilogram, 
meter,  and  second,  respectively.  We  shall  suppose  that  5  has  the 
high  value  unity.  (A  smaller  value  would  be  more  favorable  to  our 
most  important  conclusion.)  Letting  r^  and  pie  represent  the  radius 
and  mass  of  the  earth,  and  g  the  value  of  gravity  at  its  surface,  we  have 

m 
g  =  9-8o,  —  =  324,439, 

ttlE 

^■£=6, 371, 000  ,  0=692,428,000  , 

k^^g— ,  Calory =425^. 

*  Ritter  gave  the  formula  for  the  dilatational  term,  op.  cit.,  13,  367. 
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Consequently  equation  (38)  gives,  since  for  5  =  i  the  number  of  calo- 
ries of  heat  per  unit  mass  equals  the  temperature, 

r  =  ro  +  27Xio6|  -[p^{t)-Po{Q]-i[plii)-pl{to)]- 

U[^K0-Pl(O]+...[-^^^^^.     (40) 

If  the  sun  were  denser  at  its  center  and  if  the  law  of  density  were 
preserved  during  the  oscillations,  the  numerical  coefficient  would  be 
larger  than  this  obtained  under  the  hypothesis  of  homogeneity. 

The  term  po  is  the  dilatation  and  is  expressed  (see  equation  7) 
in  terms  of  the  sun's  mean  radius  as  unity.  At  both  its  maximum 
and  its  minimum  K{t)  =0.     An  oscillation  of  this  type  of  o''i  in  the 

sun's  diameter  means  that  p°  varies  over  the  range  — ^— ,    or  from 

'  ^     19.200' 

— -^—  to +  -77^-.     This  makes  a  change  in  T  of  1400°  C.     That 
38,400  38,400  c  ^ 

is,  a  variation  in  the  sun's  apparent  dimensions  of  0'! i,  which  is  at  the 
limit  of  direct  observational  determination,  if  not  actually  beyond  it, 
would  produce  a  change  of  its  temperature  of  1400°  C.  This  result 
is  not  so  surprising  when  we  remember  how  small  an  annual  shrinkage 
in  the  sun  will  make  up  for  its  loss  of  radiant  energy. 

The  term  p^  is  the  coefficient  of  the  second  order  zonal  harmonic. 
^^^len  it  is  positive  (neglecting  now  all  other  terms)  the  mass  is  prolate, 
and  when  it  is  negative  the  mass  is  oblate.  If  it  varies  periodically, 
the  mass  varies  from  the  prolate  form  to  the  oblate  periodically,  and 
equation  (40)  gives  the  temperature  changes  during  these  oscillations. 
Since  P^  (o)  =  i  and  P^  (  jTt)  =  —h  the  oscillations  in  the  polar  diameter 
are  twice  those  of  the  equatorial.  This  deviation  from  sphericity 
enters  in  the  second  degree,  and  therefore  a  small  value  of  it  produces 
a  much  smaller  change  in  T  than  that  produced  by  the  dilatational 
term.  For  example,  if  p^  produces  an  extreme  oscillation  in  the  polar 
diameter  of  2''o  as  seen  from  the  earth  the  change  in  T  for  the  sun  is 
only  3°  C.  The  temperature  is  least  when  it  is  prolate  or  oblate, 
being  equal  in  the  two  cases.  The  number  just  computed  is  really 
the  upper  limit  of  change  under  the  hypothesis  made,  for  at  the  time 
when  />j=o  the  kinetic  energy  of  oscillation  is  a  maximum.  It  is 
impossible  to  compute  the  amount  of  energy  which  is  kinetic  without 
determining  completely  the  circumstances  of  the  oscillations.     But 
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in  an  oscillation  involving  considerable  density  changes,  where  the 
greater  part  of  the  mass  moves  but  slightly,  it  will  be  relatively  small. 

Neglecting  the  kinetic  energy  of  oscillation,  we  find  that  a  body 
having  the  size  and  mass  of  the  sun,  oscillating  in  such  a  way  that  the 
maximum  value  of  />,  is  -\,-,  will  undergo  temperature  variations  of 
2200°  C.  Its  greatest  oblatcness  is  only  j^^,  or  one-fourth  that  of  the 
planet  Saturn  at  the  present  time.  This  temperature  change  would 
be  reduced  by  the  fact  that  some  of  the  energy  would  be  kinetic  at 
the  time  the  body  was  spherical. 

Let  us  now  obtain  some  idea  of  the  ujjper  limit  of  the  kinetic 
energy  at  the  time  the  mass  is  sj)herical  and  j)assing  from  the  oblate 
form  to  the  prolate.  Since  kinetic  energy  is  proportional  to  the  prod- 
uct of  the  first  power  of  the  mass  and  second  power  of  the  velocity, 
we  shall  obtain  the  largest  possible  kinetic  energv'  by  supposing  the 
change  of  form  and  dimensions  has  been  accomplished  by  the  motion 
of  the  smallest  possible  amount  of  matter.  We  shall  satisfy  this 
condition  if  we  suppose  the  equatorial  bulge  is  transferred  to  the  poles. 
We  shall  have  a  distance  of  motion  greater  than  the  greatest  possible, 
if  we  suppose  each  particle  slides  along  the  surface  from  the  equator 
entirely  to  the  pole.  In  the  case  of  the  sun  the  distance  is  108 X 10^ 
meters.  Suppose  that  the  whole  period  of  oscillation  is  3  hours,  and 
consequently  that  the  motion  in  one  direction  would  be  made  in  90 
minutes.  Suppose  that  it  is  uniform.  Then  the  velocity  is  2X10^ 
meters  per  second.  Since  a  mass  falling  425  meters  under  the  acceler- 
ation of  the  earth's  gravity  has  a  velocity  of  91  meters  per  second, 
this  velocity  in  a  mass  of  specific  heat  unity  is  equivalent  to  a  tem- 
perature of  one  degree.     A  velocity  of  2X10^  meters  per  second  is 

(2  X I05\ ^ 
j  =48X105   degrees.     But 

equation  (10)  shows  that  the  mass  moved  is  only  125X10"^  of  the 
whole  sun,  Consec^ucntly  the  motion  is  equivalent  to  a  temperature  of 
600  degrees  for  the  whole  sun.  This  is  to  be  subtracted  from  the  2,200 
degrees  of  variation  computed  above,  leaving  a  temperature  change 
of  1,600  degrees,  ^^'hile  these  results  can  lay  no  claim  to  numerical 
precision,  they  are  probably  correct  as  to  order  of  magnitude,  and 
if  so  are  sufficient  for  present  purposes. 

We  shall  now  return  to  the  effects  of  the  oscillations  upon  the  rate 
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of  radiation.  We  shall  consider  first  the  dilatation  expressed  by  the 
term  p^.     From  (39)  we  see  that  we  must  compute  the  ratio  of 

in  order  to  obtain  the  percentage  of  change  of  rate  of  radiation. 
This  makes  it  necessary  to  know,  or  to  assume,  the  value  of  T^.  We 
shall  assume  that  for  the  sun  7^0  =  6000°.  The  term  \  PqTq,  which 
comes  in  from  the  change  in  area  of  the  radiating  surface,  is,  in  the 
present  case,  negligible  in  comparison  with  the  other  term.     Taking 

Po{^i)  =  ~E> ^■i^d  po{t2)  =  -Fi as  above,  and  the  origin  of  time 

35,400  30,400 

such  that  Pol^o)  =0'  ^^'^  ^^id  from  (39)  that 

Hj  =  i  .56H0  and  i?2=o-6ii?o  • 

This  means  that  if  the  sun  were  undergoing  a  dilatational  oscillation 
of  extreme  range  of  o''i  in  diameter,  the  rate  of  radiation  at  minimum 
radius  would  be  2 .  56  times  that  at  maximum  radius.  That  is,  the 
variation  would  be  more  than  one  star  magnitude. 

The  sun  is  certainly  undergoing  no  changes  in  rate  of  radiation 
comparable  to  the  results  just  found.  Consequently  we  conclude 
that  it  cannot  be  undergoing  dilatational  oscillations  capable  of  being 
detected  by  direct  measurements  of  its  diameter.  However,  Langley 
and  Abbot  thought  they  had  observational  evidence  of  short-period 
variations  of  about  10  per  cent.'  If  we  assume  that  the  observed 
fluctuations  are  real  and  caused  by  oscillations  in  the  sun  of  the  type 
under  consideration,  we  find  from  the  formulae  above  that  the 
apparent  variations  in  the  sun's  diameter  as  seen  from  the  earth  are 
only  o''oi.^ 

Now  suppose  po  =  o  and  that  the  body  is  undergoing  an  oscillation 
specified  by  p^.  As  above,  we  shall  suppose  that  its  maximum  value 
is  yV-  The  temperature  change  is  about  1600  degrees,  and  the  ratio 
of  the  rate  of  radiation  at  maximum  to  that  at  minimum  is  found  to 
be  2.6,  or  slightly  more  than  a  star  magnitude.  To  account  for  a 
variation  in  radiation  of  10  per  cent,  we  should  have  to  give  p^  the 
value  0.0039,  which  in  the  sun  would  amount  to  a  periodic  oscillation 
in  the  equatorial  diameter,  as  seen  from  the  earth,  of  7 ''4. 

'  Astro  physical  Journal,  19,  305,   1904. 
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VIII.      APPLICATIONS   TO    VARIABLE   STARS' 

The  telescope  and  the  spectroscope  prove  that  binan'  stars  are 
very  numerous.  The  planes  of  the  orbits  of  a  certain  fraction  of 
them  lie  so  that,  as  seen  from  the  earth,  the  two  members  periodically 
mutually  eclii)se  each  other,  at  least  jjartially.  Those  stars  in  which 
the  duration  of  obscuration  is  only  a  small  fraction  of  the  period  of 
revolution  are  known  as  the  Algol  variables. 

Observations  of  the  Algol  variables  have  revealed  a  number  of 
important  facts.  These  stars  are  all  of  the  first  spectral  type.  The 
relations  between  their  periods  and  their  durations  of  obscuration 
show  that  they  are  ver}'  tenuous.  A  remarkable  fact  connected  with 
them  is  that  in  many  cases  their  periods  slowly  oscillate. 

There  is  another  class  of  variable  stars,  of  which  B  Cephei  is  the 
type,  having  the  following  peculiarities:  their  spectra  are  of  the 
solar  type;  their  brightness  changes  continuously;  the  intervals  from 
their  maxima  to  their  minima  are  much  longer  than  those  from  their 
minima  to  their  maxima ;  their  spectral  lines  shift  in  their  light-periods, 
but  with  such  phase  that  they  cannot  be  eclipsing  variables;  besides 
the  chief  maxima  and  minima  they  have  secondar\'  maxima  and 
minima  which  are  often  pronounced;  their  periods  are  short  (gen- 
erally 3  to  10  days);  and  their  maxima  and  minima  are  not  always 
the  same. 

The  variables  of  the  /3  Lyrae  type  constitute  another  important 
class.  Their  brightness  changes  continuously,  the  maxima  being 
divided  nearly  sjinmetrically  by  two  unequal  minima.  The  lines 
in  the  spectrum  of  yS  Lyrae  shift  regularly  in  the  same  period  as  the 
light-variations,  but  the  significance  of  the  changes  is  at  present  not 
certainly  understood. 

We  shall  now  raise  the  question  whether  oscillations  in  stars  of 
the  type  considered  above  may  not  be  factors  in  their  variability. 
That  oscillations  sometimes  exist  is  not  improbable.  If  a  star  suffers 
a  violent  disturbance,  such  as  a  collision  with  another  body  of  plane- 

'  Ritter  made  applications  of  his  results  to  variable  stars,  o/>.  c//.,  8,  §  26,  179(1879), 
and  13,  §42,  366  (1881).  .-^s  has  been  stated,  he  limited  his  discussion  to  the  dilata- 
tional  oscillations,  which  are  much  less  apt  to  be  produced  by  disturbances  than  those 
specified  by  harmonics  of  the  second  and  third  orders,  etc.  Moreover,  in  their  quantita- 
tive effects,  the  dilatational  ostillations  stand  in  a  class  by  themselves,  and  the  results 
regarding  them  alone  might  easily  be  misleading. 
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tary  dimensions  or  larger,  oscillations  will  be  set  up  and  will  persist 
for  a  \Qry  long  time.  If  in  the  birth  of  a  binary  star  there  are  violent 
changes  in  dimensions  or  shape,  oscillations  will  be  produced.  In 
fact,  two  stars  of  a  binary  system  revolving  near  each  other  in  an 
eccentric  orbit  will  disturb  each  other  in  such  a  way  as  to  produce 
oscillations.  The  disturbing  potential  is  a  sum  of  zonal  harmonics, 
Pj,  P^,  ....  ,  like  those  considered  in  equation  (7).  Consequently 
we  may  reasonably  conclude  that  close  binaries  may  be  undergoing 
oscillations,  and  it  is  not  unreasonable  to  suppose  that  single  stars 
sometimes  do  also. 

Consider  an  ecHpse  variable  undergoing  slight  oscillations.  The 
periods  of  the  \-ibrations  will  depend  primarily  upon  the  density  of 
the  mass  and  the  orders  of  the  harmonics  describing  them.  They 
will  produce  alternate  maxima  and  minima  with  continuously  chan- 
ging hght.  These  hght-variations  will  compound  with  the  apparent 
changes  produced  by  the  eclipses.  If  the  former  are  relatively  small 
they  will  introduce  slight  modifications  of  the  eclipse  light-curve. 
Since  the  periods  of  the  oscillations  will  in  general  be  quite  different 
from  that  of  revolution,  the  phases  will  progressively  change  relatively 
to  each  other.  This  will  produce  periodically  changing  maxima  and 
minima,  and  will  change  the  period  from  minimum  to  minimum  as 
they  move  along  the  slopes  of  the  light-curve.  In  a  word,  apparently 
some  of  the  peculiarities  of  the  Algol  variables  can  be  explained  by 
supposing  the  effects  of  oscillations  of  the  type  considered  here  sup- 
plement the  eclipses. 

Consider  a  single  star  undergoing  large  oscill?tions  such  as  treated 
above.  The  radiation  will  vary  continuously.  The  maxima  of 
light,  occurring  when  it  is  spherical,  will  all  be  the  same.  (This  would 
not  be  strictly  true  if  the  coefiicients  of  the  harmonics  P^,  P^,  .  •  . 
were  relatively  sensible.)  Considering  the  term  depending  on  P^ 
alone,  the  alternate  minima  will  be  more  or  less  unequal;  one  will 
occur  when  the  body  is  prolate  with  the  expansion  at  the  ends  of  an 
axis,  and  the  other  when  it  is  oblate  with  the  expansion  along  a  great 
circle.  They  will  be  different  both  because  of  the  difference  in  the 
Fhape  of  the  body  at  the  two  times,  and  also  because  of  its  unsym- 
metrical  orientation  relatively  to  the  earth.  There  will  undoubtedly 
also  be  oscillations  specified  by  harmonics  of  higher  order,  but  they 
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will  have  been  more  rapidly  destroyed  by  viscosity  of  the  mass  and 
hence,  in  general,  will  be  of  secondary  imj)ortance.  Consequently 
if  the  magnitude  of  a  star  were  made  to  vary  by  this  cause  alone,  its 
chic-f  maxima  would  all  be  about  the  same,  it  might  have  two  chief 
minima,  and  there  would  be  secondary  maxima  and  minima  depend- 
ing u])on  the  higher-order  oscillations.  The  si)ectral  lines  might  be 
periodically  modified  and  shifted  Ijy  the  ])ressure  changes. 

\Vc  sec  from  equation  (38)  that  for  an  oscillation  of  a  given  fraction 
of  a  star's  radius,  the  temperature  changes  are  directly  proportional 
to  its  mass  and  inversely  proportional  to  its  mean  radius.  Or,  the 
temperature  change  is  proportional  to  the  product  of  the  density  and 
the  square  of  the  radius.  It  follows  from  (39)  that  the  higher  the 
mean  temperature  the  less  the  change  in  radiation  for  a  given  change 
in  temperature.  Equation  (4)  enables  us  to  get  an  idea  of  the  order 
of  density  for  an  oscillation  of  given  period.  \'ariable  stars  of  the  B 
Ccphei  tvpe  have  i)eriods  of  from  less  than  one  day  {R  Miiscae,  21'^) 
to  ncarlv  30  davs  {T  Mo)ioccrolis,  27^^).  ^lost  of  them  are  consider- 
ablv  under  10  days.  Let  us  compute  the  density  from  (4)  for  an  oscil- 
lation of  type  Pj  having  a  period  of  5  days.  We  easily  find  a  =  io~^ 
on  the  water  standard.  This  is  small,  but  the  density  would  come 
out  less  than  three  times  as  great  if  we  attempted  to  explain  the  varia- 
tion by  supposing  that  two  stars  revolving  essentially  in  contact  eclipse 
each  other.  The  same  ratio  of  densities  by  the  two  hypotheses  is 
maintained  for  all  periods,  both  depending  upon  the  inverse  square 
of  the  period.  For  example,  the  density  of  ^  Lyrae,  period  12.9 
days,  comes  out  about  i4Xio~s  that  of  water,  while  Myers  found 
under  the  eclipse  theory  a  mean  density  for  it  less  than  that  of  our 
atmosphere  at  sea-level.' 

If  the  densities  obtained  are  suspiciously  small,  the  eclipse  hypothe- 
sis is  slightly  preferable  to  the  oscillation  hypothesis;  but  in  most 
other  respects,  such  as  the  irregularities  in  many  of  the  light-curves, 
the  secondar}'  maxima,  vanning  maxima  and  minima,  varying  periods, 
and  perhaps  in  spectroscopic  behavior,  the  latter  seems  less  incredible. 
It  has  been  shown  above  that  light-variations  of  the  observed  range 
might  be  produced  by  very  moderate  oscillations.  If  we  are  entitled 
to  any  conclusion  at  all  in  the  matter,  it  is  that  oscillations  are  prob- 

'  Astrophysical  Journal,  7,    i,  1897. 
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ably  sensible  factors  in  the  light-variations  in  close  binaries,  and 
that  they  may  possibly  be  the  sole  cause  of  variation  in  some  stars. 
We  shall  almost  certainly  be  wrong  if  we  suppose  the  light-variations 
in  all  variable  stars  are  produced  by  any  one  cause. 

IX.      SUMMARY 

The  problems  considered  in  this  paper  are  the  shape  of  the  sun, 
assuming  that  it  is  in  a  state  of  equilibrium  of  rotation,  and  some  of 
the  consequences  of  its  possible  oscillations. 

Under  the  hypothesis  that  the  sun  is  rotating  without  oscillations, 
we  find  that  it  must  be  nearly  an  oblate  spheroid,  and  that  the  differ- 
ence between  its  equatorial  and  polar  diameters  must  be  less  than 
0^07  as  seen  from  the  earth. 

It  is  well  known  that  such  a  fluid  mass  as  the  sun  may  undergo 
oscillations  whose  amplitude  and  character  depend  upon  the  nature 
of  the  disturbances  producing  them,  and  whose  periods  depend  upon 
the  character  of  the  oscillations,  and  upon  its  mass,  density,  and 
elasticity.  \Miatever  the  nature  of  the  oscillations,  the  equation  of 
the  surface  of  the  body  can  be  represented  as  the  sum  of  a  converging 
series  of  spherical  harmonics  whose  coefficients  are  periodic  functions 
of  the  time.  For  simplicity,  it  is  assumed  that  the  mass  always  has 
an  axis  of  symmetry  so  that  its  surface  can  be  defined  by  zonal  har- 
monics. It  is  also  assumed  that  at  every  instant  the  mass  is  homogene- 
ous throughout.  With  these  restrictions,  the  surface,  volume,  moment 
of  inertia,  and  self-potential  of  this  mass  of  general  variable  form  are 
computed. 

The  first  practical  question  is  whether  a  dilatational  oscillation 
will  not  change  the  rate  of  rotation  so  that  the  change  of  period  of 
rotation  can  be  observed  even  though  the  change  in  diameter  is  beyond 
direct  observation.  The  answer  is  in  the  negative,  for  a  shrinkage 
of  diameter  of  i''o,  as  seen  from  the  earth,  would  decrease  the  period 
of  rotation  by  only  38  minutes. 

The   second   question   is   regarding  the   change   in  temperature 

produced  by  a  dilatational  oscillation.     An  oscillation  of  this  type 

such  that  the  whole  change  in  the  sun's  diameter  as  seen  from  earth 

is  only  o''i  is,  assuming  the  specific  heat  of  the  sun  as  unity,  1400°  C. 

It  is  found  then,  assuming  Stefan's  law  of  radiation,  and  that  the 
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absolute  temperature  of  the  sun  at  mean  radius  is  6000°,  that  a  varia- 
tion of  temj)erature  700°  each  side  of  this  mean  would  result  in  a 
variation  from  61  per  cent,  to  156  per  cent,  of  that  at  mean  radius. 
That  is,  the  radiation  at  maximum  would  be  2.56  times  that  at  mini- 
mum, or  a  variation  of  little  more  than  a  star  magnitude.  Conse- 
quently, if  the  sun  were  oscillating  in  this  way  the  changes  in  its  rate 
of  radiation  \yould  be  observed  long  before  those  in  its  diameter. 
An  extreme  oscillation  of  o''oi  in  the  sun's  diameter  as  seen  from  the 
earth  would  account  for  the  variations  of  10  per  cent,  in  the  solar  radia- 
tion observed  by  Langley  and  Abbot. 

The  question  of  oscillations  defined  by  zonal  harmonics  of  the 
second  order  is  considered.  The  potential  energy  is  a  minimum  when 
the  coefficient  of  this  harmonic  passes  through  zero,  that  is,  at  the 
instant  when  the  body  is  spherical,  and  has  two  equal  maxima  when 
the  bodv  is  most  prolate  and  most  oblate.  But  when  the  potential 
energy  is  a  minimum  the  kinetic  energy  of  the  oscillation  is  a  maximum. 
Consequently  the  range  of  jvariation  of  temperature  cannot  be  exactly 
computed  without  knowing  the  motion  of  each  element  of  mass  at  the 
critical  times.  Since  this  is  an  unsolved  problem,  a  rough  computa- 
tion was  made  to  determine  an  upper  limit  to  the  kinetic  energ}'  at  the 
time  the  mass  is  spherical,  and  therefore  a  lower  limit  to  the  range  of 
variation  of  temperature.  It  was  found  that  a  variation  of  this  type 
such  that  the  equatorial  diameter  changes  by  ^V  its  value  would  cause 
a  variation  of  temperature  of  1600°  C.  At  its  greatest  oblateness  it 
would  be  relatively  flattened  one-fourth  as  much  as  Saturn  is  now. 
The  radiation  at  maximum  would  be  2.6  times  that  at  minimum,  or 
more  than  a  star  magnitude  greater.  An  oscillation  of  this  type 
producing  a  change  of  10  per  cent,  in  the  solar  radiation  would  cause 
a  variation  in  the  sun's  equatorial  diameter,  as  seen  from  the  earth, 

of  7^4- 

The  period  of  these  oscillations  is  of  interest.  Kelvin's  formula 
shows  that  if  the  sun  were  a  perfect  incompressible  fluid  the  period 
of  the  oscillations  depending  upon  the  harmonics  of  the  second  order 
would  be  3  hours  and  8  minutes.  The  period  is  independent  of  the 
mass  and  varies  inversely  as  the  square  root  of  the  density.  The  work 
of  Lamb  shows  that  if  the  mass  had  the  viscosity  of  water  the  amplitude 
of  the  oscillation  would  be  reduced  to  37  per  cent,  of  its  original  value 
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in  22X  io'-»  years.  The  former  of  these  two  results  is  almost  certainly 
of  the  right  order  of  magnitude  for  the  actual  sun;  the  latter  is  probably 
much  too  great. 

The  results  obtained  above  suggest  the  idea  that  certain  classes  of 
variable  stars  may  owe  their  variabihty,  at  least  partially,  to  oscilla- 
tions. Reference  is  made  particularly  to  stars  whose  light  changes 
continually,  such  as  those  of  which  8  Cephei  is  the  type,  and  those 
of  the  y8  Lyrae  type.  The  spectroscope  proves  that  in  the  S  Cephei 
stars  the  light-variations  are  not  eclipse  phenomena,  and  in  case  of 
/8  Lyrae  the  phenomena  are  so  complicated  as  to  suggest  that  eclipses 
are  not  the  sole  cause  of  the  variability.  If  oscillations  of  sufficient 
magnitude  are  admitted  they  would  explain  rather  satisfactorily  most 
of  the  phenomena  of  these  classes  of  stars.  For  a  star  of  the  mass  and 
density  of  the  sun  an  oscillation  defined  by  the  second-order  harmonic 
amounting  to  ^^^  of  its  radius  would  account  for  all  the  light-changes 
in  these  classes  of  stars.  However,  the  periods  of  variability  demand 
very  low  densities,  yet  greater  than  one-third  of  those  required  if  we 
attempt  to  explain  the  light-variations  on  the  eclipse  theory.  For 
a  period  of  5  days  the  density  is  lo"^  on  the  water  standard. 

The  question  at  once  arises  as  to  the  cause  of  the  possible  oscilla- 
tions. In  the  case  of  a  binary  system  having  an  eccentric  orbit,  the 
periodically  changing  disturbance  of  one  star  by  the  other  is  an  eflicient 
cause.  A  single  star  would  be  set  vibrating  by  a  collision  with  another 
body  even  of  planetary  mass,  and  by  passing  near  another  star.  The 
fact  that  the  sun  now  has  a  remarkable  equatorial  acceleration,  as 
well  as  an  unexplained  ii-ycar  cycle,  tends  to  make  us  open-minded 
regarding  the  much  simpler  oscillations  treated  in  this  paper. 

The  University  of  Chicago 
January  20,  1909 
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CONSTANT  DETERM INATIONS- 

By  C.  G.  AHBOT  and  F.   K.   FOWLK,  JR. 

Our  measurements  of  the  "solar  constant"  of  radiation,  published 
as  Part  I  of  Vol.  II  of  the  Annals  of  the  A  si  ro  physical  Observatory 
of  the  Smithsonian  Institution,  were  based  on  l)olometric  observations 
between  wave-lengths  0.387  ft  and  2.428  fi  of  t!ic  intensity  of  the  solar 
spectrum  of  a  60°  flint-glass  prism.  In  order  to  connect  the  bolo- 
metric  intensities  with  a  fixed  scale  of  energy,  we  summed  uj)  the 
total  area  included  within  the  spectral  energy-curve,  first  applying 
certain  corrections  for  instrumental  absorption,  and  for  the  small 
amounts  of  solar  radiation  which  reach  the  earth's  surface,  having 
respectively  less  and  greater  wave-lengths  than  those  observed. 
These  corrected  areas  we  made  proportional  to  pyrheliometer 
readings  obtained  simultaneously  with  the  bolometric  observations. 
A  full  description  of  the  process  employed  will  be  found  in  chap,  iii 
of  Part  I  of  the  Annals. 

INFLUENCE   OF   EXTRA-ATMOSPHERIC   ENERGY-CURVE 
ON    THE    "SOLAR    CONSTANT" 

One  by-product  of  the  research  was  a  determination  of  the  form 
of  the  solar  spectrum  energy-curve  on  the  normal  or  wave-length 
scale,  as  it  would  be  outside  the  atmosphere.  We  made  use  of  the 
corresponding  curve  on  the  prismatic  scale  in  our  reductions,  but 
the  discussion  of  sources  of  error  made  it  clear  that  no  very  high 
degree  of  accuracy  in  the  form  of  it  was  required  for  our  purposes. 
In  further  illustration  of  this  point  we  now  give  the  results  of  two 
independent  computations  of  the  "solar  constant"  from  observations 
of  September  15,  1908,  reduced  with  the  two  following  widely  dif- 
ferent assumptions  as  to  the  form  of  the  prismatic  extra-atmospheric 
energy-curve.  The  figures  give  the  intensities  for  the  mean  form  of 
1905-1906  and  for  the  form  determined  frohi  the  observations  of 
September  15,  1908. 

'  Published  by  permission  of  the  secretary  of  the  Smithsonian  Institution. 
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"Solar  constant" 

First  result: 

2  .020 

Second 

result: 

2.034 

The  two  results  differ  by  little  more  than  one-half  of  i  per  cent., 
and  in  the  opposite  direction  to  that  which  should  follow  from  the 
two  different  assumptions  involved  in  the  reduction,  so  that  their 
difference  is  attributable  to  accidental  changes  made  in  the  graphical 
and  numerical  reductions. 

COMPUTED  EFFECTIVE   TEMPERATURE   OF   THE   SUN 

Not  requiring,  and  hindered  by  great  difficulties  from  reaching,, 
high  accuracy  in  the  form  of  the  extra-atmospheric  solar  energy- 
curve,  we  contented  ourselves  in  1905- 1906  with  the  determinations 
given  on  p.  105  of  the  Annals.  Recently  Goldhammer'  has  employed 
our  early  observations  at  Washington  and  those  of  Langley  at  Mt. 
Whitney  from  which  to  compute  the  effective  absolute  temperature 
of  the  sun  by  means  of  the  Planck  formula. 

e^Xs  (g^-i)=c,. 
At  our  suggestion  ]Mr.  L.  B.  Aldrich  has  employed  the  values, 
given  in  the  Ammls^  according  to  Goldhammer's  process,  with  the 
following  results: 
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1  Annalen  der  Physik  (4),  23,  905-920,  1908. 

2  Change  top  numbers  of  last  three  columns  of  Table  16  of  the  Annals  as  follows: 


6.040 

798        0 

3853 

6.603 

1326 

3897 

6.270 

1670 

.'<942 

5  •  956 

1859 

3991 

5-641 

1782 

4042 

5-300 

1817 

4091 

5-048 

1636 

4147 

NFAV  SOLAK  CONSTANT  DETERMINATIONS 


283 


These  results  indicate  an  elTective  .solar  temperature  not  far  from 
6200°  Abs. 

SOI.AR    SPECTRUM    AND   SPECTRUM   OF    "  BL.VCK    BODY" 

Mr.  .Vldrich  computed  by  Planck's  energy  formula  the  "black 
body''  curve  for  absolute  tem])erature  6200°  anfl  also  for  7000°  and 
compared  them  with  the  mean  observed  curve  as  published  by  us 
in  Plate  XVI  of  the  Annals.  The  intensities  having  been  matched 
at  wave-length  0.5697,  there  are  found  the  following  percentage 
differences  at  other  wave-lengths: 
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It  will  be  seen  that  neither  computed  curve  fits  the  observed  curve 
closely,  but  except.at  wave-lengths  greater  than  1.2  fi  the  7000°  curve 
agrees  better. 

CORRECTIONS    FOR    SOLAR   SPECTRUM   NOT   OBSERVED 

In  connection  with  these  comparisons  we  were  led  to  inquire 
whether  the  fractional  increases  of  observed  areas  of  curves,  which 
we  had  allowed  for  solar  energy  of  less  wave-lengths  than  0.387  fi 
and  greater  than  2.43  /j-,  were  justified.  We  had  allowed  approxi- 
mately as  follows: 


Wave- Lengths 

0.000  to  0.387  ft- 

3.428M  to  00 

Mt.  Wilson 

Extra-atmosphere. . . 

0 . 0040* 
0.0130 

0.0050* 
0.0055 

♦  These  two  are  average  values,  the  real  corrections  depending  on  the  intensity  at  near-by  regions  of 

the  spectrum. 

We  are  now  of  the  opinion  that  the  allowances  are  too  small, 
especially  outside  the  atmosphere.  If  the  extra-atmospheric  solar 
energy-curve  is  as  near  in  form  to  that  of  the  "black  body"  in  these 
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unobserved  regions  as  in  the  parts  of  the  spectrum  observed,  we  have 
greatly  underestimated  the  corrections.  In  the  last  three  months 
of  the  stay  of  the  Smithsonian  expedition  on  Mt.  Wilson,  in  1908,  the 
bolometric  observations  were  pushed  to  the  ver}-  end  of  the  ultra- 
violet spectrum  transmissible  by  the  spectroscope,  namely  to  wave- 
length 0.360  ^l.  In  all  the  work  we  have  observed  as  far  down  in 
the  infra-red  as  the  glass  prism  would  permit.  We  intend  to  employ 
in  future  work  a  quartz  prism  and  magnalium  mirrors,  and  hope 
to  extend  the  obsers^ations  from  wave-length  0.29  /x  to  wave-length 
4.0M. 

CH.AJNGES    OF    SENSITIVENESS 

One  of  the  most  unsatisfactory  things  in  our  published  work  was 
the  necessit}'  stated  on  p.  77  of  the  Annals,  of  applying  a  correcting 
factor  for  an  apparent  change  of  sensitiveness  of  the  bolometric 
apparatus.  This  correction  was  determined  by  comparing  the 
corrected  area  of  the  energ\'-spectrum  curves  with  the  readings  of 
the  pyrheliometer.  It  was  invariably  found  that  the  areas  were  smaller 
as  compared  with  the  pyrheliometer  readings  when  the  sun  was  high 
than  when  it  was  low.  To  see  if  this  depended  on  the  pyrheliometry, 
a  comparison  was  made  between  two  p\Theliometers,  one  of  which 
pointed  directly  at  the  sun,  and  the  other  of  which,  pointing  at  a 
mirror,  could  be  read  either  horizontal  or  vertical  without  altering 
the  angle  of  incidence  of  the  sun's  rays  upon  the  mirror.  Xo  change 
of  sensitiveness  depending  on  the  inclination  of  the  pyrheliometer 
was  found,  hence  this  comparison  showed  clearly  that  no  appreciable 
part  of  the  above-mentioned  correction  was  traceable  to  the  pyrheli- 
ometer readings.  We  at  first  thought  the  bolometric  apparatus  altered 
in  its  sensitiveness  on  account  of  change  of  temperature.  But  great 
successive  improvements  in  temperature-control  gave  no  lessening 
of  the  range  of  the  correcting  factors  between  1905,  1906,  and  190S. 
Indeed  some  recent  comparisons  perhaps  indicate  that  the  range 
.of  sensitiveness  has  increased  in  these  successive  years.  We  thought 
it  possible  that  the  cause  of  the  change  might  be  the  diurnal  variation 
of  the  earth's  magnetism.  In  September  190S  a  great  change  in 
the  system  of  magnetic  control  of  the  galvanometer  was  made,  includ- 
ing a  ver)-  careful  astaticizing  of  the  needle  system,  so  that  the  earth's 
magnetic  tleld  thereafter  played  a  much  subordinated  part.     We  have 
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not  yet  reduced  enough  of  the  work  of  October  1908  to  be  sure 
whether  this  diminisheil  the  range  of  sensitiveness.  We  now  think 
it  possible  that  the  deficient  allowance  heretofore  made  for  ultra- 
violet radiation  obsened  by  the  pyrheliometer  but  not  by  the  l^lom- 
eter  may  account  for  a  part  of  the  troublesome  apparent  change  of 
sensitiveness. 

CORRECTION    OF    GALVANOMETPIR    SCALE 

In  Studying  the  possible  causes  of  the  effect  just  discussed  it  was 
noted  that  the  correcting  factors  in  1908  showed  a  marked  stairlike 
succession.  That  is.  the  sensitiveness  of  the  bolometric  api)aratus 
seemed  to  increase  fast  from  the  first  observation  to  the  second,  then 
nearly  halt  from  second  to  third,  increase  fast  from  third  to  fourth, 
and  so  on.  This  indicated  a  non-uniformity  of  the  galvanometer 
scale.  For  the  second  bolographic  record  was  always  started  at 
about  I J  cm  to  the  south  of  the  first;  after  it  the  plate  was  reversed, 
and  the  third  and  fourth  records  were  placed  like  the  first  and  second. 
By  trial  it  was  found  in  August  1908  that  the  galvanometer  was  in 
fact  somewhat  more  sensitive  for  detlections  on  the  north  end  of 
the  scale.  In  September  this  defect  was  twice  entirely  removed;  first, 
accidently.  by  raising  the  time  of  swing,  and  to  that  end  rearranging 
the  two  control  magnets  which  were  above  and  below  the  galvanometer ; 
second,  designedly,  after  many  experiments,  by  reastaticizing  the 
needle  system,  removing  the  lower  control  magnet  altogether,  and 
rotating  the  plane  of  the  needle  system  and  coils  from  the  true  north- 
and-south  plane,  which  they  had  always  before  occupied,  to  the  mag- 
netic north-and-south  plane,  which  they  will  hereafter  always  occupy, 
and  have  occupied  since  September  20,  1908.  Since  that  time  there 
has  been  no  scale-error  great  enough  to  be  discovered  by  the  most 
careful  search  over  the  whole  20  cm  long  scale  of  the  galvanometer, 
or  indeed  for  20  cm  on  the  negative  side  of  its  zero. 

NEW    AND   ALTERED    EXTRA-ATMOSPHERIC   SOLAR   ENERGY-CIRVE 

In  September  and  October  1908  with  these  favorable  scale  con- 
ditions six  days  were  devoted  to  complete  independent  determinations 
of  all  the  elements  of  a  "solar  constant"  measurement.  When  the 
results  of  this  work  were  reduced  we  were  shocked  to  find  that  the 
form  of  the  extra-atmospheric  solar  eneg>-cur\'e  differed  ver\'  greatly 
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from  the  mean  result  of  1905  and  1906,  which  we  had  used  as  the 
basis  of  a  large  number  of  computations  of  the  "solar  constant"  of 
radiation.  It  has  been  our  general  practice  heretofore  to  assume  that 
the  work  of  the  year  1905  sufficed  to  determine  accurately  enough 
for  our  purposes  the  form  of  the  extra-atmospheric  solar  energy- 
curve,  and  that  there  is  probably  no  great  change  in  it  from  year  to 
year.  Hence  we  have  seldom  determined  the  reflecting  power  of 
the  coelostat  and  the  transmission  of  the  spectroscope  by  direct 
observation,  but  have  generally  computed  the  transmission  of  the 
whole  apparatus  from  the  known  form  of  the  energy-curve  outside 
the  atmosphere,  combined  with  the  holographic  work  of  the  given 
day.  Fortunately,  as  already  demonstrated  above,  even  the  wide 
difference  between  the  extra-atmospheric  curve  of  September  15, 
1908,  and  the  mean  curve  of  1905-1906  produces  no  change  in  the  com- 
puted value  of  the  "solar  constant."  This  may  seem  at  first  sur- 
prising, but  the  reader  must  remember  that  a  value  within  a  few 
per  cent,  of  the  true  "solar  constant"  can  be  obtained  from  pyrheliom- 
etry  alone,  as  was  done  by  Pouillet,  with  no  knowledge  whatever 
of  the  distribution  of  solar  energy  in  the  spectrum. 

At  our  request  Miss  Graves  has  compared  all  the  elements  of  the 
determination  of  September  17,  1908  (which  is  near  the  mean  of  recent 
results),  with  corresponding  elements  of  the  determination  of  August 
7,  1906.  In  order  to  make  a  fair  comparison  we  have  selected  original 
bolographic  records  taken  with  about  the  same  zenith  distance  of  the 
sun.     The  air-masses  range  from  i .  292  to  i .  262  for  the  earlier  day, 
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and  from  1.268  to  1.252  for  the  latter.     The  columns  of  the  above 

September  17,  1908, 
August  7,    1906 

(2)  observed  prismatic  intensities;    (3)  multipliers  for  correcting  for 
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coelostat  absorption;  (4)  multipliers  for  correclinj^  for  sj)ectroscope 
absorption;  (5)  atmospheric  transmission  coefiicients;  and  (6) 
extra-atmospheric  prismatic  intensities. 

Al'P.\Kl.Nr    KXTR AORDINARV    WK.XKNKSS    OF    VIOLET    IN    I908 

The  tal:)le  shows  i)lainly  that,  excepting  the  last  somewhat  doubt- 
ful point  where  glass  absorption  and  water-vapor  absorption  are 
both  large,  the  transmission  of  the  atmosphere  and  of  the  apparatus 
was  almost  alike  on  the  two  days,  but  the  original  energy-curce  and 
hence  the  extra-atmospheric  curve  were  far  higher  in  the  violet  in 
August  1906  than  in  September  1908.  This  result,  if  true,  indi- 
cates an  enormous  decrease  in  the  sun's  violet-emission.  Rut  the 
"solar  constants"  for  the  two  days  indicate  no  change  in  the  sun's 
total  emission.  They  are:  August  7,  1906:  2.033;  September  17^ 
1908:  2.046. 

We  now  regret  that  we  have  not  complete  independent  determina- 
tions of  the  transmission  of  the  apparatus  for  all  parts  of  the  years 
1906  and  1908.  However,  taking  days  when  the  mirrors  had  been 
freshly  silvered,  or  freshly  polished,  it  is  to  be  supposed  that  the  trans- 
mission would  then  be  as  good  as  on  the  days  just  compared.  Two 
such  days  are  June  21  and  September  2,  1908,  and  on  the  latter  the 
transmission  of  the  apparatus  was  probably  even  better  than  on  Sep- 
tember 17,  1908.  We  now  give  the  ratio  of  intensities  of  original 
bolographic  curves  taken  at  about  the  same  air-masses  for  these  three 
days  of  1908  as  compared  with  the  curve  of  August  7,  1906.  The 
atmospheric  transmission  was  almost  exactly  the  same  on  all  these 
days. 
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All  three  days  indicate  the  same  result,  namely:  in  1908  the  inten- 
sity of  violet  rays  in  sunlight  was  less  as  compared  with  red  rays  than 
in  August  1906.  The  reader  may  see  by  inspection  of  Table  16  of 
Volume  II  of  the  Annals  that  in  August  1906  the  violet  w^as  apparently 
weaker  as  compared  with  the  red  than  on  the  average  of  days  in  1905. 
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Either  these  resuhs  are  affected  by  some  unknown  experimental 
error  or  the  distribution  of  energy  in  the  solar  spectrum  is  subject  to 
great  secular  changes  without  great  attending  changes  of  the  solar 
constant.  We  shall  test  the  matter  in  future  work;  and  with  the 
new  quartz-and-magnalium  outfit  in  addition  to  the  present  glass- 
and-silver  one,  instrumental  errors  can  hardly  remain  a  possible 
explanation  if  such  changes  are  in  future  observed. 

A  NEW   STAND.\RD   PYRHELIOMETER 

As  .stated  in  the  Annals,  all  our  '"solar  constant"  results  are  given 
in  terms  of  a  scale  of  energy  whose  unit  is  probably  a  few  per  cent, 
smaller  tlian  the  gram-calory  or  therm.  We  have  made  many  efforts 
to  determine  the  ratio  of  our  unit  to  the  therm,  and  have  designed  and 
tried  several  new  supposedly  standard  pyrheliometers,  in  which  the 
hollow  chamber  or  "black  body"  feature  was  introduced,  and  the 
solar  heating  was  determined  by  measuring  the  rise  of  temperature 
of  a  current  of  water.  Known  electrical  heating  could  also  be  meas- 
ured in  the  same  way  as  a  check.  Not  satisfied  with  the  results 
obtained  with  the  instrument  of  this  kind  employed  in  1905-1906, 
a  new  one  of  improved  construction  and  altered  size  was  used  in  1908. 
This  behaved  in  an  exemplary  manner,  and  many  comparisons  were 
made  between  it  and  the  secondary  pyrheliometers  IV  and  VII  used 
in  daily  "  solar  constant"  measurements.  Also  many  check  measure- 
ments were  made  by  means  of  two  electrical  heating  coils.  The 
results  are  so  concordant  throughout,  and  the  electrical  heat  intro- 
duced was  so  exactly  found  in  the  water-flow  in  every  instance,  that 
we  now  believe  the  standard  scale  is  established.  Nevertheless  our 
1908  results  indicate  that  the  readings  of  the  supposed  standard  of 
1906  published  at  p.  45  of  the  Annals  are  5.9  per  cent,  too  high,  and 
all  the  pyrheliometer  and  "solar  constant"  results  published  in  the 
Annals,  if  reduced  to  our  new  provisional  scale  of  real  calories,  would 
be  7 . 6  per  cent,  lower.  Kimball'  has  found  our  arbitrary  scale  to  be 
1 1 .  o  per  cent,  above  that  of  new  Angstrom  pyrheliometers.  Our 
new  provisional  standard  scale  is  then  about  2.6  per  cent,  above 
Angstrom's. 

■  Bulletin  Ml.  Weather  Observatory,  Vol.  I,  Part  2. 
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"solar  constant"  currixtions 
We  now  suppose  that  our  "solar  constant"  values  of  1902-1906 
must  be  lowered  7.6  per  cent,  on  account  of  pyrheliometry,  and 
raised  perhaps  10  per  cent,  on  account  of  deficient  correction  for  ultra- 
violet and  infra-red  unobserved  enert^y.  With  our  new  (juartz-mat^- 
nalium  spectrograph  and  a  projected  new  pyrheliomcter  we  hope  to 
assure  ourselves  of  these  points  in  this  present  year,  1909. 

astrophysical  observatory 

Smithsonian  Institution 

April  1909 


CAMERA  OBJECTIVES  FOR  SPECTROGRAPHS 

By  J.  S.  PLASKETT 

It  is  well  known  that  the  camera  objectives  in  general  use  in  stellar 
spectrographic  work  have  a  very  limited  field  of  good  definition,  not 
exceeding  in  general  2°,  which  covers,  in  the  usual  dispersion  of  three 
prisms,  about  200  tenth-meters.  While  this  is  a  sufficient  range  for 
spectra  of  the  second  type,  which  are  rich  in  lines,  it  is  not  sufficient 
for  early-type  spectra  which  may  contain  only  one  or  two  lines  in  this 
region  and  in  which,  consequently,  the  errors  of  measurement  will 
be  high.  As  practically  the  whole  photographic  region  of  the  spec- 
trum, H^  to  K,  may  be  obtained  in  one  exposure  with  either  refractor 
or  reflector,  it  is  evident  that  a  considerable  gain  in  the  measurable 
material  in  such  spectra  would  be  obtained,  without  increase  in  expo- 
sure time,  if  a  camera  lens  giving  a  considerably  wider  field  were  avail- 
able. 

\'arious  attempts  at  the  solution  of  this  problem  have  been  made, 
of  which  the  most  successful  known  to  me  is  that  described  by  Hart- 
mann.'  This  objective  made  by  Zeiss,  known  as  the  "Chromat," 
is  constructed  of  the  same  material  as  the  prisms,  and  is  composed 
of  two  simple  meniscus  elements,  one  positive,  one  negative,  separated 
by  a  small  air  space.  As  there  is  no  chromatic  correction  the  spectra 
are  brought  into  focus  by  inclining  the  plates  toward  the  violet, 
about  16°  from  the  normal  to  the  axis  with  a  dispersion  of  three  prisms. 
According  to  Hartmann  this  objective  gives  a  flat  field  of  14°.  A 
Zeiss  "Chromat"  has  been  in  use  in  Ottawa  for  considerably  over  a 
year,  entirely  fulfilling  expectations  and  giving,  after  slightly  increas- 
ing the  separation  of  the  elements,  the  whole  field  used,  from  H^to 
HS  (about  8°),  almost  absolutely  flat  with  excellent  definition.  There 
can  be  no  doubt  that  the  field  would  extend  farther  if  necessary. 

Unfortunately,  as  was  learned  uj)on  inquiry  from  Zeiss,  this  type 
of  objective  cannot  be  successfully  made  of  a  larger  angular  aj^erture 
than  about/.  12.  This  was  confirmed  by  the  performance  of  a 
shorter  focus  lens  of  the  same  type  (aperture  ratio/.  8)  constructed 
by  Brashear  which  gave  inferior  definition.     More  recently,  however, 

'  Zeitschrijt  jiir  I nstrumentenkiinde,  24,  257,  1Q04. 
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Ross  Limited,  Tvondon,  Ikinc  designed  and  constructed  esj)ecially 
to  conform  to  our  recjuirements  a  lens  similar  in  form  to  their  "  Homo- 
centric,"  consistinj^  of  four  separated  elements,  but  following  the 
principle  of  the  "Chromat"  in  being  entirely  made  of  the  prism 
material  and  consequently  recjuiring  inclination  of  the  ])late  to  bring 
the  spectrum  into  focus.  This  lens,  which  will  be  more  fully  discussed 
later,  gives,  at  an  aperture  ratio  of/.  5.6,  excellent  definition  and  a 
flat  field.  The  above  remarks  apply  to  a  dis])ersion  of  three  j)risms, 
for  which  this  type  is  especially  adapted.  If  they  were  used  with  one 
prism,  in  addition  to  the  limitations  as  to  aperture,  the  plate  inclina- 
tion required  (about  50°)  would  be  inconvenient  and  j)ractically 
inadmissible  in  radial  velocity  work. 

There  are  consequently  required  short-focus  objectives  giving 
a  flat  field  with  three  prisms,  and  objectives  gi\ing  a  flatter  field  than 
the  regular  triplet  with  a  single  prism.  This  need,  together  with 
what  had  already  been  accomplished  by  Hartmann  and  Zeiss,  was 
laid  before  the  J.  A.  Brashear  Co.  who,  with  their  usual  willingness, 
put  their  best  efforts  at  our  disposal  and,  in  collaboration  with  Pro- 
fessor Hastings,  produced  two  eminently  successful  objectives.  In 
both  of  these  the  employment  of  one  kind  of  glass  only  is  followed, 
although  not,  as  in  the  "  Chromat,"  of  the  same  material  as  the  prisms, 
and  the  consequent  chromatic  differences  in  focus  are  overcome  by 
inclining  the  plate.  The  objective  first  produced,  to  which  they  have 
given  the  name  "Single  Material,"  is  composed  of  two  widely  sepa- 
rated positive  elements  of  crown  glass  of  the  lowest  dispersion  and  is 
especially  adapted  for  use  with  one  prism,  giving  exquisite  definition 
and  a  field  flat  within  o.  i  mm  over  the  whole  visible  and  considerably 
into  the  ultra-violet  spectrum.  The  other  is  similar  to  the  ''  Chromat " 
in  form  but  made  of  light  crown  glass,  giving  also  a  flat  field  and  good 
definition  with  three  prisms  with  a  plate  inclination  of  only  slightly 
over  half  that  of  the  ''Chromat." 

The  limiting  aperture  ratio  of  the  former  of  these  objectives  is 
about/.  8,  of  the  latter/  12,  so  that  evidently  they  cannot  supply  the 
need  of  short-focus  lenses  of/  6  or  thereabouts  for  either  single  or 
three-prism  work. 

The  only  prospect  of  success  in  this  respect  seemed  to  lie  in  some 
of  the  modern  anastigmat  photographic  lenses,  and  a  number  of  dif- 
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ferent  makes  were  accordingly  obtained  for  trial.  The  detinition 
of  several  of  these,  though  good  enough  for  ordinary  photographic 
work,  would  not  stand  the  critical  test  of  spectrum  photography, 
owing  probably  to  some  residual  spherical  aberration.  Two,  how- 
ever, the  Ross  "  Homocentric"  and  the  Zeiss  "Tessar,"  gave  good 
definition  and  the  forms  of  their  fields  were  accordingly  determined. 

It  may  not  be  out  of  place  to  give  a  brief  description  of  the  method 
employed  in  determining  the  fields  of  the  ten  lenses  tested.  The 
dispersion  for  eight  of  them  was  produced  by  the  Ottawa  spectrograph 
having  the  following  optical  constants:  Hastings  "Isokumatic"  col- 
limator objective  of  35  mm  aperture  and  525  mm  focus;  one  or  three 
prisms  of  Jena  glass  O.102,  angles  63°  50'  each;  ray  at  minimum 
deviation  A  4415.  Two  of  the  objectives  were  tested  with  a  new 
single-prism  spectrograph  having  "Isokumatic"  collimator  of  51  mm 
aperture  and  763  mm  focus,  0 .  102  prism  of  angle  63°  30',  ray  at  mini- 
mum X  4325. 

The  positions  of  focus  in  different  parts  of  the  field  were  deter- 
mined by  a  modification  of  Hartmann's  method'  of  extra-focal  expo- 
sures. By  means  of  a  revolvable  semicircular  diaphragm  behind  the 
collimator  lens  and  an  occulting  diaphragm  in  front  of  the  slit,  a 
narrow  strip  of  spectrum,  photographed  through  the  half  of  the 
prisms  near  the  refracting  edge,  was  placed  between  and  touching 
two  narrow  strips  made  through  the  base  half  of  the  prisms. 
Evidently,  when  the  plate  is  in  the  focus  of  the  camera  lens  for  any 
particular  line  in  the  spectrum,  the  adjacent  portions  of  this  line  will 
be  continuous,  while,  if  not  in  focus,  the  central  section  will  be 
displaced  to  red  or  violet  of  the  outside  sections,  the  direction  and 
magnitude  of  this  displacement  giving  a  measure  of  the  position  of  the 
focal  point  for  the  line  in  question.  Two  such  plates,  one  inside  and 
one  outside  the  focus,  will  suffice  to  determine  the  form  of  the  field. 
In  order  to  avoid  the  labor  of  measurement  and  computation  and  on 
account  of  the  difTuseness  of  the  lines  and  consequent  inaccuracy  of 
measurement,  when  the  plate  is  more  than  a  millimeter  from  the  focus, 
I  have  generally  j)rcferred  to  make  a  number  of  spectra,  by  the 
method  outlined  above,  at  camera  settings  about  o .  25  mm  apart  within 
and  without  the  focus.     Five  of  these  have  in  general  suflSced  to  deter- 

■  Zeilschrijt  jiir  I nslrumentenkunde,  24,  i,  1904. 
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mine  the  focal  cur\'e  and,  as  the  camera  l)ack  can  he  moved  laterally, 
they  can  all  be  made  on  one  plate,  thus  allowing  ready  comi)arisons. 
Simple  inspection  of  these  sjjcctra  under  a  microscope  or  even  by  a 
hand  magnifier  enables  the  focus  of  any  line  to  be  determined  to  about 
0.05  mm  by  observing  at  which  of  two  successive  spectra  the  central 
section  has  opposite  displacements  with  resj)ect  to  the  outside  sec- 
tions. Interpolation  to  the  al)ove  accuracy  can  then  generally  be 
made.  This  takes  only  one-tenth  the  time  and  is  probably  e(|ually 
as  accurate  as  the  method  of  measuring  the  dis])lacements  and  com- 
puting the  distance  from  focus.  I  may  say  that  the  camera  setting 
in  our  regular  work  is  always  determined  in  this  way,  enabling  the 
plate  to  be  certainly  placed  considerably  within  0.1  mm  of  the  true 
focus. 

This  method  is  ])robably  open  to  the  objection  that  it  will  not 
give  the  true  focal  point  when  the  system  has  aberration,  but  it  must 
be  remembered  that,  to  prevent  systematic  displacements  in  radial 
velocity  work  due  to  non-uniform  illumination  of  the  collimator 
objective,  this  method,  which  determines  the  focus  by  the  absence 
of  such  displacement,  is  certainly  the  one  that  should  be  used.  More- 
over in  this  case  tests  at  full  aperture,  so  far  as  the  focus  can  be  deter- 
mined by  dehnition,  confirmed  the  results  of  the  former  method  and 
there  is  no  reason  to  doubt  the  accuracy  of  the  focal  curves  determined. 

The  following  ten  lenses,  given  in  the  order  of  procuring  and  test- 
ing, were  tested  for  their  curvature  of  tield. 

OBJECTIVES  TESTED  FOR  FIELD 


Number 

Objective 

Aperture 

Focal 
Length 

Tested  with  Dispersion 
of 

I 

Brashear  Single  Material 

45 

525 

I  Prism,  3  Prisms 

2 

Zeiss  Chromat 

45 

525 

3  Prisms 

3 

Ross  Homocentric 

40 

254 

3  Prisms 

4 

Zeiss  Tessar 

48 

305 

3  Prisms 

5 

Brashear  Light  Crown 

45 

525 

3  Prisms 

6 

Brashear  Telescope  Flint 

45 

525 

3  Prisms 

7 

Brashear  O.102  ("Chromat") 

45 

375 

3  Prisms 

8 

Brashear  Triplet 

57 

480 

New  1  Prism 
3  Prisms 

9 •■ 

Brashear  Single  Material 

57 

457 

New  I  Prism 

10 

Ross  Special  Homocentric 

40 

254 

3  Prisms 

The  form  of  field  of  each  of  the  lenses  is  given  in  the  accompanying 
figures  where  the  horizontal  lines  represent  differences  of  focus  of 
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Fig.  I. — Long-focus  objectives  willi  tlircc  prisms. 
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one  millimeter,  where  the  wave-length  and  anj^uiar  distance  from 
the  oi)tical  axis  are  shown  by  the  vertical  lines,  and  the  diameters  of 
the  circles  rejiresenting  the  observed  ])()ints  are  0.2  mm.  Wherever 
the  curves  are  not  horizontal  indicates  that  the  inclination  of  the  platc- 
holdcr  required  changing  slightly,  but  this  of  course  has  no  effect  on 
the  form  of  the  field.  In  order  to  grouj)  the  curves  according  to  the 
type  and  purpose  of  the  objectives,  the  order  gi\en  in  the  above  table 
has  been  changed  and  those  of  longer  focus  used  with  a  dispersion 
of  three  prisms  will  be  first  considered  (Fig.  i). 

BRASHEAR   SINGLE   MATERIAL    (NO.    i) 

This  consists  of  two  simple  converging  lenses,  the  front  double  con- 
vex, the  rear  convex  meniscus,  of  crown  glass  of  lowest  index,  sepa- 
rated by  nearly  one-third  the  fOcal  length.  As  will  be  seen  later, 
this  objective  gives  a  beautiful  field  with  one  prism  but  is  strongly 
concave  toward  the  lens  with  three  prisms,  with  about  the  same 
curvature  of  field  as  the  regular  Hastings  Triplet.  The  inclination 
of  the  plate  toward  the  violet  is  slightly  over  5°.  Allowing  deviation 
from  focus  of  o.  i  mm,  slightly  over  2°  of  field  is  usable. 

ZEISS   CHROMAT    (nO.    2) 

This  consists  of  two  strongly  curved  meniscus  elements  of  Jena 
Glass  0.102,  the  front  diverging,  the  rear  converging  and  of  about 
half  the  focus  of  the  combination.  When  received  it  gave  a  field 
convex  toward  the  lens,  as  shown  in  the  upper  curve.  W^hen  the 
separation  between  the  elements  was  increased  from  2 .  25  to  4. 5  mm, 
the  field  became  almost  absolutely  flat  over  the  whole  8°,  giving  at 
the  same  time  excellent  definition.  Inclination  of  the  plate  toward 
the  violet  about  16°. 

BRASHEAR   LIGHT   CROWN    (NO.    5) 

This  is  a  lens  of  the  same  form  as  the  "Chromat"  except  that  it 
is  made  of  light  crown  glass.  With  the  original  separation  the  field 
was  concave  but  became  flat  on  decreasing  the  separation  from  4.8 
to  3 . 2  mm.  This  change  in  separation  resulted  in  loss  of  defining 
power.  The  objective  was  refigured  at  the  new  separation  and  gave 
good  definition  and  field  flat  over  practically  the  whole  range.  Incli- 
nation of  plate  to  the  violet  about  9°. 


296 


J.  S.  PLASKETT 


Ross 
Homocentrii- 


Zeiss 
Tessa  r 


Brashear 
0. 102 


'Cliromat  ") 


Ross 

Special 

Homo(  entrii 


O      O      ^>       0         0     0     <»—» 


« — e— — <>      000    (>— o 


o     e 


!!«=H»— » 


u      u 


<>       O       (3 — ij— <j— & 


-*—<►—•« 


^     B    o     e      e    e    <►— » 


.0 O Q_ 


o       o       e 


000 


n       n- 


-o o- 


Sepa  ration 
59  '""1 

124 


o       e        O' 


o       u        o- 


e       e       e 


-o       o 


■e       e 


41 .0 


41-7 


6.3 


6 . 3  refigu 


H(i  4600  4415     ill  4200  H5 

Fig.  2. — Short-focus  objectives  with  three  prisms. 
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TJRASHi:\R    TKLESCOPK    FLINT    (NO.    (t) 

An  ohjccti\c  similar  to  the  previous  one  only  made  of  telescope 
Hint  j^lass.  The  I'leld  was  orij^inally  con\ex  hut  hecame  Hat  on  increas- 
ing the  separation  from  4.8  to  7.9mm.  Refiguring  did  not  j^ive 
so  much  imj)rovement  as  in  the  light  crown  objective.  Field  is  now 
practically  tlat.      Inclination  of  j)late  t(^  the  \iolet  about  i,^?5. 

BRASIIEAR   TRIPLET    (HASTINGS)    (NO.    8) 

This  is  a  lens  of  the  same  type  as  used  in  the  Mills,  Bruce,  and 
Lowell  spectrographs.  The  field  is,  as  shown,  strongly  concave 
toward  the  objective  with  a  usable  portion,  allowing  deviation  of 
O.I  mm,  of  about  2?5.  The  definition  at  the  center  of  the  field  is 
about  the  same  as  in  the  "Chromat."  but  toward  the  margins  even 
when  in  focus  is  much  inferior. 

All  the  above  objectives  are  of  rclati\ely  long  focus,  small  angular 
aperture,  about/.  12,  tested  with  dispersion  of  three  prisms.  Let 
us  now  examine  the  fields  given  by  shorter  focus  objectives,  using 
the  same  dispersion  (Fig.  2). 

ROSS   HOMOCENTRIC    (NO.    3) 

This  standard  photographic  objective  gives  good  definition  but  a 
strongly  concave  field.  An  increase  in  separation  from  59  to  124  mm 
appears  to  flatten  the  field  but  at  the  expense  of  defining  power  and 
the  lens  is  not  usable  at  the  increased  separation.  L^seful  field  is 
not  more  than  2°. 

ZEISS   TESSAR    (nO.   4) 

This  objective  was  one  of  the  standard  form  taken  from  the  stock 
of  Bausch  &  Lomb.  It  gives  good  definition  and  a  field  very  slightly 
convex.  This  convexity  is  removed  by  an  increase  in  separation  from 
41 .0  to  41 .7  mm,  but  with  a  slight  loss  in  defining  power,  so  that  it 
is  probably  preferable  to  use  it  at  the  normal  separation.  Another 
lens  of  the  same  series,  aperture,  and  focus  was  tested,  giving  prac- 
tically the  same  field  but  considerably  poorer  definition.  This  is  of 
interest  as  showing  the  ditTerences  between  the  performance  of  two 
objectives  presumably  identical  and  indicates  the  desirability  of 
specially  selecting  and  testing  the  lens  to  be  used. 
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BRASHE.\R    0.102    ("CHROMAT")     (nO.    7) 

This  objective,  of  the  same  type  and  material  as  the  Zeiss  Chromat 
but  of  larger  angular  aperture,  gives  a  field  nearly  flat  with  a  separa- 
tion of  6.3  mm  but  with  poor  definition  even  after  refiguring.  This 
shows  that  this  type  cannot  be  successfully  constructed  of  larger 
aperture  ratio  than/,  ii,  say.  Inclination  of  the  plate  to  the  violet 
about  16°. 
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Fig.  3. — Objectives  tested  with  one  prism. 


ROSS   SPECIAL   HOMOCENTRIC    (NO.    Io) 

This  objective  was,  by  the  kindness  of  the  makers,  Messrs.  Ross 
Limited,  especially  computed  and  constructed  for  us.  It  has  an  aper- 
ture ratio  of/.  5.6,  is  of  practically  the  same  form  as  their  Homocen- 
tric  but  with  all  four  elements  of  O.102  glass.  It  gives  beautiful 
definition  and  a  field  nearly  flat,  usable  over  8°.  Change  of  separa- 
tion is  without  appreciable  elTect  on  the  form  of  field.  Inclination 
of  plate  to  the  violet  about  16°. 

Two  ty|>es  of  objectives  of  medium  and  long  focus  have  been 
tested  with  a  dispersion  of  one  prism  (Fig.  3). 
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BRASllKAR    SlNC.Li:    MATKRIAL    (NOS.    I    AND   9) 

Hoth  of  these  objectives,  whose  form  was  flcscril)e(l  above,  are  of 
the  same  type,  No.  i  of  an  aperture  ratio/.  1 1 .  5 ;  No.  9  of/.  8.  When 
used  with  three  prisms  tiiey  ^i\e  tiie  stronj^ly  concave  held  shown 
in  Fii;.  I.  but  with  a  single  ])rism  the  held  is  almost  absolutely  Hat 
o\er  the  whole  range  of  \isible  and  as  far  into  the  ultra  violet  spectrum 
as  the  j)rism  will  transmit.  The  dehnition  given  is  excellent  and  the 
objectives  leave  nothing  to  be  desired  for  single-i)rism  work.  The 
inclination  of  ])late  to  the  violet  is  about  16°.  I  am  glad  to  ex- 
press here  my  appreciation  of  the  elTorts  as  well  as  my  admiration 
for  the  skill  of  Mr.  McDowell  in  hguring  these  objectives.  As  both 
com{)onents  are  converging,  the  only  means  of  removing  the  ])ositive 
spherical  aberration  is  by  departure  from  spherical  surfaces.  While, 
as  Mr.  McDowell  says,  this  was  comparatively  easy  for  No.  i,  of  the 
smaller  angular  aperture,  it  taxed  even  his  skill  to  remove  it  entirely 
in  the  other,  and  it  was  only  after  a  second  trial  and  the  use  of  a  special 
device  that  the  objective  was  fmally  made  perfect. 

BRASHEAR   TRIPLET    (NO.    8) 

This,  as  with  three  prisms,  gives  a  lield  concave  toward  the  objec- 
tive but  with  considerably  less  curvature.  The  usable  field  is  some- 
what over  2°.     Definition  good. 

The  final  results  of  the  investigation  may  be  summarized  as  follows: 

For  a  dispersion  of  three  prisms  with  a  camera  of  fairly  long  focus 
two  objectives  are  much  superior  to  the  others,  the  Zeiss  "Chromat" 
and  the  Brashear  Light  Crown.  The  former  gives  a  flatter  field  and 
slightly  better  definition  than  the  latter,  but  on  the  other  hand  the 
smaller  plate  inclination  of  8°  instead  of  16°  and  the  smaller  absorp- 
tion of  the  Brashear  arc  an  advantage.  The  definition  of  either  of 
these  is  fully  equal  to  the  regular  triplet  in  the  center  of  the  field 
and  much  superior  at  the  margins. 

For  short-focus  lenses  with  three  prisms  both  the  Zeiss  Tessar  and 
the  Ross  Special  Homocentric  give  good  definition  and  fiat  fields. 
The  Ross  can  be  used  of  shorter  focus  than  the  Tessar.  and  gives 
exquisite  definition,  but  the  field  of  the  Tessar  is  flatter  and  the  plate 
is  normal  to  the  axis. 

In  single-prism  work  the  Brashear  Single  Material  is  much  supe- 
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rior  to  the  type  of  Triplet  usually  employed,  both  in  definition  and 

extent  of  field,  and  cannot  be  surpassed  or  even  equaled  for  its  purpose. 

In  conclusion,  I  wish  to  express  my  indebtedness  to  Dr.  King, 

director  of  the  Observator}-,  not  only  for  the  interest  he  has  shown 

in  this  work,  but  also  for  his  willingness  to  meet  the  expense  of  the 

various  objectives  obtained. 

Dominion  Observatory,  Ottawa 
March  1909 


NOTK   ()\   'llll'.    rol.Akl/ixc    l.FFKC'r  OF  ('OFLOSTAT 

MIRRORS' 
By  CHARLF.S  K.  ST.  joilN 

The  discovery  of  the  Zceman  ciTect  in  siin-si)()t.s  by  Hale'  made 
it  important  to  determine  the  action  of  the  silver-on-j^lass  mirrors  of 
the  tower  telescope  of  the  Mount  Wilson  Solar  Observatory  upon 
circularly  polarized  lii^ht.  Jt  was  at  once  recognized  that  circularly 
l)olarized  light  would  be  chan«,'ed  to  elliptically  i)olarize(l  by  rellection 
from  the  silver  surfaces  and  that  its  effect  would  vary  with  the  anj^lcs 
of  incidence  and  hence  with  the  i)osition  of  the  sun.  A  description 
of  the  tower  tclescoj^e  has  been  j^iven  by  Hale^  and  it  only  needs  be 
said  here  that  the  second  mirror  sends  the  light  vertically  downward 
through  the  12-inch  objective  and  that  about  4  feet  below  the  objec- 
tive— focal  length  60  feet — the  beam  was  received  upon  the  analyzer 
which  served  to  fix  the  position  of  the  axes  of  the  elliptically  j)olarized 
light  and  to  determine  their  ratio. 

Light  circularly  polarized  in  a  known  direction  was  obtained  by 
passing  sunlight  through  a  Nicol  prism  and  then  through  a  Fresnel 
rhomb  whose  plane  of  incidence  formed  an  angle  of  45°  with  the  short 
diagonal  of  the  Nicol.  The  direction  in  which  it  was  necessary  to 
rotate  the  rhomb  to  luring  its  plane  of  incidence  into  coincidence  with 
the  jjlane  of  vibration  of  the  Nicol  was  taken  as  the  direction  of  revo- 
lution of  the  circularly  polarized  light-'  and  it  was  distinguished  as 
clockwise  and  counter-clockwise  as  viewed  by  the  observer  when 
looking  in  the  direction  of  the  source.  This  polarizer  was  mounted 
in  a  screen  and  interposed  between  the  sun  and  the  first  mirror  so 
that  no  light  reached  the  mirror  except  that  passing  through  the  polar- 
izer. The  analyzer  consisted  of  a  Fresnel  rhomb  mounted  upon  a 
divided  circle,  and  a  Nicol  likew'ise  with  a  graduated  mounting  that 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  37. 

»  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  30;  Astrophysical 
Journal,  28,  315,  u)o8. 

i  Contributions  jrom  the  Mount  Wilson  Solar  Observatory,  No.  23;  Astrophysical 
Journal,  27,  204    1908. 

•»  Wood,  Physical  Optics,  p.  277. 
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could  follow  the  eccentric  movements  of  the  rhomb  as  the  latter  was 
rotated.  Monochromatic  light  was  obtained  by  inter])Osing  ruby 
glass  in  the  train  and  its  intensity  was  further  reduced  by  means  of 
a  smoked  glass.  The  observer  lay  on  his  back  while  making  the 
observations  which  were  carried  out  in  the  following  way.  The 
incident  light  was  polarized  in  a  clockwise  direction  and  after  reflection 
from  the  two  mirrors  fell  upon  the  rhomlj;  a  position  of  the  rhomb 
was  then  found  for  which  the  Nicol  could  produce  extinction  of  the 
light;  the  rhomb  was  rotated  90°  and  the  position  of  the  Nicol  for 
extinction  again  determined;  the  operation  was  repeated  with 
reversed  polarization  of  the  incident  light.  The  readings  of  the 
scales  give  the  azimuth  of  the  plane  of  incidence  of  the  rhomb  and 
the  corresponding  azimuth  of  the  long  diagonal  of  the  Nicol  for 
extinction.  The  difference  between  the  two  azimuths  of  the  Nicol 
corresponding  to  the  first  and  second  settings  of  the  rhomb  gives 
twice  the  angle  between  the  major  axis  of  the  elliptically  polarized 
light  and  the  plane  polarized  light  produced  by  the  rhomb  when  its 
plane  of  incidence  coincides  with  the  major  axis  of  the  ellipse.  This 
angle  is  given  in  the  column  of  the  tal)le  marked  I.  The  ratio  of  the 
axes  is  of  course  given  by  the  tangent  of  this  angle.  The  difference 
between  positions  of  the  Nicol  for  clockwise  and  counter-clockwise 
light  for  the  same  setting  of  the  rhomb  is  given  in  the  column  marked 
II,   and  approximates  90°. 

The  great  change  in  the  position  of  the  axis  of  the  ellipse  between 
morning  and  afternoon,  as  shown  by  the  position  of  the  rhomb, 
followed  the  transfer  of  the  coelostat  mirror  from  the  west  to  the  east 
side  of  the  second  mirror  at  noon.  The  condition  of  the  silver  sur- 
faces affects  the  results  appreciably,  but  under  normal  working 
conditions  of  the  surfaces  the  changes  due  to  this  cause  were  not  great 
enough  to  be  troublesome. 

In  the  practical  application  of  these  results  in  studying  the  Zeeman 
effect  along  the  lines  of  force  in  the  magnetic  field  of  sun-spots,  the 
rhomb  was  set  with  its  plane  lying  northeast  and  southwest  in  azi- 
muth 20°  for  the  forenoon,  in  azimuth  70°  from  noon  to  about  3  P.  M., 
and  then  in  azimuth  55°.  The  Nicol  was  set  with  its  long  diagonal 
in  an  azimuth  erpial  to  that  of  the  rhomb  ])lus  25°  in  the  forenoon 
and  i^lus  30°  in  the  afternoon  to  extinguish  clockwise  light,  and  rotated 
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90°  to  extinguish  counter-clockwise  light.     Calculation  of  the  effect 

produced  by  the  plane  of  the  rhomb  not  coinciding  with  the  major 

axis  of  the  elliptically  polarized  light  shows  that  for  a  deviation  of 

10°  the  resulting  effect  is  very  narrowly  elliptical  light — axis  in  the  ratio 

twelve  to  one — with  the  major  axis  forming  very  nearly  the  same  angle 

with  the  plane  of  the  rhomb  as  the  plane  polarized  light  which  results 

when  the  plane  of  the  rhomb  coincides  with  the  major  axis  of  the 

elliptical  light  coming  from  the  mirror.     This  allows  some   latitude 

in  the  setting  of  the  rhomb  provided  the  angle  between  the  planes 

of  rhomb  and  Nicol  is  maintained. 

Mount  Wilson  Solar  Observatory 
February  1909 


SOME  CONVENIENT  FORMS  OF  COMPARISON- 
PRISMS 

My   LOUIS  BKLL 

Everyone  who  has  used  the  spectroscope  much,  and  especially 
everyone  who  has  used  forms  of  spectroj)hotometer  re(juiring  a  com- 
parison-prism over  the  slit,  has  been  annoyed  by  the  black  band 
between  the  spectra  produced  by  the  edge  of  the  comparison-prism. 
In  spectrophotometry  particularly  the  ])resence  of  this  band  is  more 
than  inconvenient.  It  is  fatal  to  precision.  Having  recently  had 
built  a  spectrophotometer  of  the  Nichols  form  for  use  on  the  photom- 
eter-bar in  place  of  the  regular  sight-box,  the  writer  encountered 
the  familiar  difficulty  and  set  about  fmding  means  of  remedying  it. 
The  resulting  device  for  overcoming  the  difficulty  is  here  put  on 
record  for  the  benefit  of  others.  Fig.  i  shows  the  familiar  arrange- 
ment of  prisms  ordinarily  used  in  the  Nichols  spectrophotometer, 
together  with  the  paths  of  the  rays  from  the  prospective  sides  through 
the  prisms  and  into  the  slit.  The  new  device  was  built  from  this  same 
pair  of  prisms.  One  of  them,  A,  was  cut  down,  retaining  the  right 
angle,  so  that  its  new  hypothenuse  dimension  was  equal  to  its  old 
perpendicular.  The  other  prism,  B,  was  treated  as  follows:  Its 
hypothenuse  face  was  silvered  densely  enough  to  present  a  smooth, 
opaque  coating.  A  cut  through  this  coating  centrally  in  the  long 
axis  of  the  hypothenuse  face  was  made  by  a  sharp  ivory  blade,  and 
one-half  the  silver  coating  was  completely  removed,  leaving  the 
hypothenuse  face  half  clear  and  half  densely  silvered.  The  arrange- 
ment of  this  hypothenuse  face  is  shown  in  Fig.  3.  Then  the  cut-down 
prism  A  was  cemented  with  Canada  balsam  to  the  hypothenuse  face 
of  B  as  shown  diagrammatically  in  Fig.  2.  This  balsam  cementing 
should  be  done  at  a  very  moderate  temperature  lest  the  silver  be 
started  if  the  baking  is  too  hard.  In  Fig.  2  the  ray  from  the  right 
side  enters  the  perpendicular  face  of  the  prism  B,  just  as  it  would 
in  Fig.  I,  but  on  arriving  at  the  silvered  face,  that  part  of  the  beam 
which  meets  the  balsamed  face  of  clear  glass  passes  straight  through, 
almost  unimpeded,  since  the  balsam  has  ver}'  nearly  the  same  index 
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of  refraction  as  the  glass  of  the  prism.  The  rest  of  the  beam  is  reflected 
at  that  part  of  the  hypothenuse  face  which  is  protected  from  the  bal- 
sam bv  the  silvering,  and  passes  into  the  slit.  The  ray  from  the  other 
direction  enters  the  external  portion  of  the  prism  A,  is  reflected  at  its 
rear  face,  which  for  symmetr}-  and  the  interception  of  stray  light  should 
also  be  silvered,  and,  in  so  far  as  the  silvering  permits,  passes  through 
the  balsamed  surface  of  junction  of  A  and  B  and  enters  the  slit. 
That  part  of  the  beam  which  meets  the  silvering  is  reflected  out  of 
the  prism.  The  paths  of  the  two  rays  are  shown  diagrammatically 
in  Fig.  2.  The  line  of  demarkation  between  the  two  spectra  provided 
by  this  comparison-prism  is  due  to  the  sharp  edge  that  limits  the  silver- 


Fig.  3 


Fig.  4 


I 
I 


ing  on  the  cemented  face.  In  making  up  the  prism  for  regular  use 
it  would  probably  be  best  to  cut  through  the  silvering  with  a  very  fine 
diamond  point  and  then  clear  it  away  from  this  line  as  a  boundary. 
The  line  of  separation  of  the  two  rays  is  so  sharj)  and  its  plane  can 
be  brought  so  close  to  the  slit  that,  when  the  instrument  is  properly 
adjusted,  the  dark  band  usually  seen  with  the  comparison-prisms 
has  practically  disappeared  entirely.  In  the  spectrophotometer  in 
which  the  experimental  prism  was  tried,  the  focal  length  of  the  colli- 
mator is  only  12  cm,  and  even  under  this  trying  condition  the  joining 
of  the  two  spectra  is  very  good  indeed.  With  a  collimator  of  such 
focal  length  as  is  more  commonly  used,  c\en  better  results  can  be 
obtained.  In  fact  with  lenses  of  a  meter  or  more  in  focus,  the  differ- 
ence in  focus  for  the  slit  and  for  the  silvered  face  can  be  made  hardly 
more  than  the  difference  in  focus-  due  to  the  secondary  spectrum. 
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Obviously  one  can  remove  the  silverin<^  in  strij)s  as  shown  in  Fi^.  4, 

and  in  this  way  can  <^et  an  even  more  delicate  comparison  of  bri<^ht- 

ness  than  witli  the  two  fields  i^Mwn  hy  the  form  shown  in  Fig.  3. 

Where  it  is  merely  necessary  to  bring  in  a  comi)arison-spcctrum 

from  a  position  at  right  angles  to  the  axis  of  the  collimator,  the  very 

obvious  modification  shown   in   Fig.   5  can  be  used   to  advantage. 

Here  two  entirely  similar  prisms  in  which  the  hy])othenusc  face  of  one 

is  silvered  in  one  or  more  stripes  are  balsamed  together.     The  direct 

beam  then  comes  straight  through  from  the  front  of  the  slit  except 

where  it  is  deflected  by  the  sihering,  and  the  lateral  beam  comes 

in   by   retlection    at   the    silvered    surface    just    as  tin    the  case  of 

Fig.  2.     The  use   of   either  of   these  forms  of   comjiarison-prisms 

requires  careful  adjustment  to  obtain  the   ma.^imum  of  clearness 

between  the  contact  of  the  two  spectra,  but  once  the  adjustment  is 

made,  the  result  is  excellent.     With  a  collimating  lens  of  so  short 

focus  as  that  employed  in  the  spectrophotometer  mentioned,  it  is 

advantageous  to  have  screw  adjustments  so  arranged  that  the  lens 

can  be  slightly  raised,  lowered,  or  tipped  so  that  line  spectra  thrown 

simultaneously  in   from   the   two  directions   can   be  matched   with 

precision.     Once  this  is  accomplished,  the  adjustment  can  be  readily 

preserved.     The  prisms   in   this   instance   were  of  common   crown 

glass,  but  in  making  up  special  prisms  for  a  spectrophotometer  it 

might  be  desirable  to  pick  out  a  crown  which  would  match  the  index 

of  refraction  of  the  balsam  with  special  accuracy.     This  would  require 

an  index  of  nearly  i .  54,  since  the  index  of  balsam  rises  materially 

as  the  terpenes  are  baked  out. 

Boston,  Mass. 
March  1909 


THE  BINARY  VARIABLE  STAR  RZ  CASSIOPEIAE 

By  JOHN  STEIX 

The  investigations  of  this  variable  star  made  by  J.  A.  Parkhurst 
and  F.  C.  Jordan'  make  it  of  interest  to  see  how  well  the  light-curve, 
as  determined  by  their  ''absolute  scale"  of  photographic  magni- 
tudes, can  be  represented  by  the  satellite  theory. 

In  what  follows  I  restrict  myself  to  the  simplest  form  of  the  theory. 
Two  bodies,  with  radii  i  and  .v,  respectively,  the  first  bright,  the 
second  dark,  revolve  in  a  circular  orbit  of  radius  a.  The  plane  of 
the  orbit  forms  a  small  angle  /  with  the  line  of  sight.  Consider  in 
place  of  the  bright  star  a  uniformly  illuminated  disk  of  total  intensity 
I,  in  place  of  the  satellite  a  dark  disk;  then  the  light-intensity  /  for 
the  time  /,  reckoned  from  minimum,  is  given  by  the  formulae: 

J  =  i ; 

M  =  ^\x^  (2^  — sin  2<^)  +  (2<^'  — sin  2^')h 

p^'+X^  —  l 

sin  <t>'=x  sin  ^  ;     cos  <f>'= ; 

2Xp 

p^=a^  sin^  nt  +  a^  sin^  /  cos^  nt . 

In  these  equations  M  is  the  part  of  the  disk  of  the  principal  star 
hidden  by  the  satellite,  p  the  apparent  distance  of  their  centers, 
(f>'  and  (f)  the  angles  under  which  the  common  chord  of  the  two  disks 
is  seen  from  the  centers  of  the  principal  star  and  the  satellite.  The 
magnitude  difference  m  —  m^  {nio  being  the  normal  light)  is  then 
given  by 

m  —  )ito  =  —  2.5  log  J  . 

To  determine  the  approximate  elements  we  have  the  data: 

(a)  Period  of  RZ  Cassiopeiae  =  i'^igs2$S. 

(b)  Normal  light  6'y43;  minimum  7')'64;  minimum  intensity /„! =0.3281. 

(c)  Duration  of  eclipse  2/0  =  0^^23  =  5^  32"^. 

{d)    The  minimum  is  sharply  defined,  no  trace  of  a  secondary  minimum. 

'  Astrophysical  Journal,  26,  251-254,  IQ07. 
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Theoretical  lij^ht-curvcs  wc-re  calculated  on  two  hyijotheses: 
(I)  .v=i.     Then 

i]/  =  2^  — sin  2<ti  ;     cos  <f}=     ■, 

2 
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Jm  =  i ;     cos  <Pni=a  Sin  / 


Also 


a-  sin-  nto+a'  cos^  ;//o  sin^  /  =  (i  +.v)^ 

Therefore  we  find 

0  =  3.437;   '=8°43'- 
(II)   I  — .v^  =  7n,;    .v=  0.820.     This  is  the  minimum  \alue  of  .v. 
Since  there  is  no  stationary  period  at  the  minimum,  the  disks  must 
be  in  internal  contact  when  the  centers  are  at  their  minimum  dis- 
tance.    Therefore 

a  sin  /  =  i  —.V  . 

These  equations,  combined  with  those  derived  from  the  duration  of 
the  eclipse,  give 


Since  the  light-curve  C©,  given  by  P.  and  J.,  is  not  symmetrical 
the  cjuantities  for  equal  times  before  and  after  the  minimum  were 
combined  into  the  mean  values  C^.  In  the  following  table  this 
mean  curve  is  compared  with  the  curves  Ci  and  Cn  calculated  with 
the  hypotheses  I  and  II. 


/ 

Cm 

Ci 

Cu 

Cm-Ci 

Cm~Cii 

Cm 

Cffi— C,j, 

iC^oo 

71164 

7'P64o 

7'P640 

OnVDOO 

oliooo 

7T640 

oTooo 

.01 

7-555 

7-569 

7.580 

—  .014 

-.025 

7-567 

-.017 

.02 

7  38 

7.428 

7-403 

-  .048 

-  -023 

7-385 

-.005 

•03 

7  195 

7-259 

7-213 

—  .064 

-  .018 

7.189 

-1-  .006 

.04 

7.02 

7.090 

7.044 

—  .070 

—  .024 

7.014 

-1-  .006 

•05 

6.87 

6.940 

6.899 

—  .070 

—  .029 

6.871 

—  .001 

.06 

6-745 

6.810 

6.778 

-.065 

-•033 

6.749 

—  .004 

.07 

6.64 

6.700 

6.676 

—  .060 

-  -036 

6.649 

—  .009 

.08 

6.565 

6.608 

6.592 

-•043 

-.027 

6.566 

—  .001 

.09 

6  505 

6-533 

6.524 

-  .028 

—  .019 

6.501 

+  .004 

.10 

6.47 

6.476 

6.472 

—  .006 

—  .002 

6-455 

+  -015 

±0.11 

6.44 

6.438 

6.438 

+  .002 

-f-  .002 

6.430 

-1-  .010 

The  change  from  hypothesis  I  to  II  decreases  the  residuals,  but 
they  retain  the  same  sign.  The  values  of  .v  between  i  and  0.82 
are  therefore  excluded. 
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The  differences  Cn,  — C„  nearly  disappear  if  a  slight  decrease  is 
assumed  in  the  duration  of  the  eclipse.  Since  Professor  Miiller  at 
Potsdam,  in  his  provisional  determination  of  the  light-curve,'  finds 
a  considerably  shorter  duration,  this  change  is  probably  justified. 
A  few  trials  proved  that  a  duration  of  0*^22  =  5^  17"*  (a  decrease  of 
only  a  quarter-hour)  gave  the  best  curve,  C,„  in  the  above  table. 
As  before,  .v  was  assumed  as  equal  to  0.82,  and  therefore  0  =  3.317 
and  /=3°7'. 

As  the  extremely  small  differences  C^— Ci,j  show,  the  theory 
represents  the  mean  light-curve  with  great  accuracy.     But,  as  before 


•o.io     c.oS     0.06     0.04      a. 02      C^oo     0.02     0.04     0.06     0.08  -f- 0.1  o 


remarked,  the  original  curve  Cq  is  not  symmetrical  with  respect  to 
the  minimum.  This  asymmetry,  however,  is  in  large  part  only 
apparent.  If  the  minimum  of  the  curve  be  assumed  o':'ooi6  earlier, 
the  asymmetry  almost  disappears.  Only  in  the  immediate  vicinity 
of  the  minimum  can  it  still  be  seen,  and  there  it  is  probably  not  real. 

In  the  following  table  the  curve  Cq  is  compared  with  the  theo- 
retical curve,  after  the  latter  is  shifted  —  o'.'ooi6. 

In  the  accompanying  illustration  the  theoretical  curve  Cjv  is  shown 
by  the  full  line;  the  observed  curve  Cq,  where  it  does  not  coincide 
with  the  former,  is  shown   by  the  broken  line.     The  small   circles 

'  Aslronontische  Xachrichten,  171,  359,  1906. 
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3" 


/ 

Co 

C,v 

Co~C,v 

Co 

C,v 

Cq-Cjv 

—  0^11 

6'?44 

6^433 

+  0T007       +  od  1 1 

6'?44 

6'P430 

+  o'?oio 

.  lO 

6.48 

6.461 

+    .019 

10 

6.46 

6.449 

+    .oil 

•  og 

6.52 
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are  the  normal  jjoints  which  P.  and  J.  find  from  the  photographic 
plates.    The  residuals  are  as  follows: 


1 

O.-C.      ' 

/ 

O.-C. 

/ 

O.-C. 

/              O.-C. 

-  o'?io6 

-  .072 

-  054 

+  0'n03 

—    .01 
.00 

—  0^030 

—  .009 

+    .002 

[+   014 

+  o'Po3 

-     05 
+    .01 

+    ..31 

+    .026 
+    -035 

QiPOO 

+    .04 
-      03 

+  o<?043 
+    .070 

j    +      095 

1 

j 

—  O^iOI 

—  .or 

.00 

With  the  single  exception  of  the  normal  point  inclosed  in  the  paren- 
thesis.' the  observations  are  satisfactorily  represented  by  the  theory. 
We  therefore  find  as  the  most  probable  elements:  - 

Radius  of  the  principal  star  =  i 

.Y  =  0.820 

'^=3317 

'■  =  3°?' 
(2/0=0^22) 

Even  a  considerable  excentricity  in  the  orbit  has  so  slight  an 
effect  on  the  light-curve  of  an  Algol-lype  star,  that  the  relative  size 

■  Note  by  translator. — The  normal  point  at  phase   +0.014  depends  upon  only 
three  images,  as  follows: 


Plate 

Exp. 

Phase         Mag. 

Civ 

o.-c. 

R     1672... 
R     1650... 
UV    210... 

5          0.012           7.61 
2          0.014          7.71 
7          0.017          7.52 

7-49 
7. 48 
7-47 

+o';'i2 
+0 .  13 
+  0  .05 

The  large  difference  O.  — C.  seems  mainly  due  to  failure  completely  to  reduce  the  obser- 
vations with  the  reflector  to  the  system  of  the  more  reliable  extra-focal  images. — 

J.   .\.   P.^RKHURST. 
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and  positions  of  the  axes  cannot  be  well  determined  from  ])hoto- 
metric  data.  It  is  hoped  that  the  definitive  reduction  of  the  radial- 
velocity  plates  taken  at  the  Yerkes  Observatory'  and  Potsdam'  will 
give  more  accurate  values  of  these  quantities. 

According  to  Hartmann's  provisional  reductions,  the  distance  a 
of  the  bright  body  from  the  center  of  gravity  is  1,170,000  (:cos  i)  km. 
If  we  assume  that  the  orbit  is  circular  and  that  the  two  components 
have  the  same  mean  density  d,  we  deri\e  the  following  elements: 

Distance  of  centers  =  3, 297, 000  km  =^0.022  astronomical  units. 

Combined  mass  of  the  system  =  1 .002  sun's  mass. 

Mean  density  ^=0.222  sun's  density. 

Radius  of  the  bright  body =994,000  km  =  i  .43  sun's  radius. 

Mass  of  the  bright  body =0.646  sun's  mass. 

Radius  of  the  satellite  =  81 5,000  km  =  i  .17  sun's  radius. 

Mass  of  the  satellite  =  0.356  sun's  mass. 

Specola  Vatic.\n.\ 
March  1909 

1  Astrophysical  Journal,  25,  59,  1907. 

2  Astronomische  Nachrichten,  173,  101,  1906. 


THE  PHOTO-HELIOMETER 

By  CHARLES  LANE  POOR 

In  1Q05  the  writer  published  the  first  of  a  series  of  articles  dealing 
with  the  "Figure  of  the  Sun.''  In  this  j)ai)er  were  given  the  results 
derived  from  the  measurement  of  a  series  of  solar  photographs  taken 
by  the  late  Lewis  M.  Rutherfurrl  in  his  private  observatory  in  the 
years  1870-72.  These  early  photographs  were  taken  with  a  13-inch 
lens  photographically  corrected  and  were  made  on  collodion  ]>lates. 
These  excellent  photographs  of  Rutherfurd's,  which  have  hardly  been 
excelled  at  the  i)resent  day,  gave  images  of  the  sun  with  sharp,  clean- 
cut,  and  easily  measurable  limbs.  A  determination  of  the  polar  and 
equatorial  diameters  gave  results  which  were  very  accordant  and  which 
in  precision  compared  very  favorably  with  the  heliometer  measures 
made  by  the  German  observers  of  the  transits  of  Venus.  Several 
short  series  of  more  modern  plates  were  measured,  but  on  the  whole 
their  results  were  not  as  satisfactory  as  those  obtained  from  the  early 
plates  of  Rutherfurd.  There  is  not  a  dearth  of  solar  photographs  in 
the  world,  for  several  observatories  have  for  many  years  photographed 
the  sun  on  each  and  ever}-  clear  day,  yet  these  photographs  ordinarily 
are  not  suitable  for  accurate  measurement.  They  were  mostly 
made  with  horizontal  telescopes,  and  were  taken  to  supply  data  for 
investigations  as  to  the  number,  size,  and  location  of  sun-spots. 
The  mirror  of  such  horizontal  instruments  introduces  errors  and 
makes  the  image  unsymmetrical,  and  in  the  taking  and  developing 
of  the  photographs  but  little  attention  was  paid  to  sharpness  of 
edge. 

In  order  to  determine  the  best  methods  of  applying  photography 
to  the  determination  of  the  size  and  shape  of  the  sun,  a  series  of  experi- 
ments was  undertaken  and  was  carried  out  at  the  Yerkes  Observa- 
tory by  Mr.  Philip  Fox,  under  the  direction  of  Professor  Frost. 
A  4-inch  photographically  corrected  lens  of  40  feet  focal  length  was 
mounted  on  the  tube  of  the  40-inch  Yerkes  telescope.  With  this  many 
photographs  were  taken,  but  none  of  them  ecjualled  in  clearness  and 
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sharpness  of  edge  the  early  photographs  of  Rutherfurd.  To  a 
large  extent  this  was  due  to  the  use  of  modem  rapid  dn-  plates, 
but  some  of  the  distortions  of  the  image  were  undoubtedly  caused 
bv  layers  and  currents  of  heated  air  near  the  tube  of  the  great 
telescope. 

In  the  summer  of  1907  the  4-inch  was  dismounted  and  a  pair  of 
2-inch  photographically  corrected  lenses  of  25  feet  focal  length  were 
mounted  in  its  place.  These  lenses  were  placed  side  by  side  in  the 
same  cell,  so  as  to  give  overlapping  images  of  the  sun,  and  the  cell  was 
arranged  so  as  to  revolve  about  the  collimation  axis  in  a  manner  similar 
to  the  cell  of  a  heliometer.  The  line  joining  the  centers  of  the  two 
lenses  could  readily  be  placed  parallel  to  the  equatorial  or  to  the 
polar  diameter  of  the  sun,  and  the  whole  apparatus  formed  what 
might  be  termed  a  25-foot  photographic  heliometer.  Some  trial 
photographs  were  made  with  the  twin  lenses  by  S.  A.  Mitchell  of 
Columbia  University  (who  was  spending  the  summer  at  Yerkes)  and 
by  Mr,  Fox. 

There  are  two  methods  of  utilizing  the  photographs  made  with  such 
a  heliometer,  the  first  involving  the  measurement,  on  the  over- 
lapping images,  of  the  width  of  the  lune,  the  second  requiring  the 
measurement  of  the  common  chord. 

1.  The  furst  method  directly  determines  the  length  of  the  diameter, 
which  passes  through  the  centers  of  the  two  images.  For,  neglecting 
refraction,  this  diameter  is  equal  to  the  known  distance  between  the 
centers  of  the  lenses  added  to  the  measured  width  of  the  lune.  This 
is  the  simplest  and  most  direct  method  of  using  a  photographic  heli- 
ometer; it  obviates  the  use  of  a  micrometer  screw  on  the  instrument 
and  replaces  an  eye-estimate  of  contact  by  the  measurement  of  a 
small  distance  on  a  photographic  plate.  The  correction  for  refraction 
is  extremely  simple  and  may  be  made  by  the  ordinar}'  differential 
formulae. 

2.  In  the  second  method  the  length  of  the  diameter  is  only  indirectly 
determined,  and  the  corrections  for  refraction  are  somewhat  trouble- 
some and  complicated.  On  each  photograph  the  length  of  the  chord, 
common  to  the  two  images,  is  a  measure  of  the  radius  passing  through 
the  extremity  of  the  chord,  and  slight  changes  in  the  radius  produce 
large  changes  in  the  chord.     As  will  be  shown  later,  a  change,  Ar, 
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ill  the  radius  will  produce  a  change,  AJ,  in  the  semi-chord  approxi- 
mately equal  to 

where  r  and  d  are  the  respective  lengths  of  the  radius  and  the  chord. 
Thus,  if  the  chord  be  one-third  the  radius,  an  error  of  measurement 
of  1"  in  the  chord  would  produce  an  ern)r  of  only  o"  t,  in  computed 
length  of  the  radius.  This  is  the  great  advantage  of  the  second 
method. 

The  ultimate  choice  of  the  two  methods  depends  uj)on  the  relative 
accuracy  with  which  the  different  measures  can  be  made.  In  order 
to  test  this  point,  the  chord  and  the  lune  were  measured  on  twelve 
test  plates.  The  measures  of  one  of  these  were  rejected  as  on  that 
plate  the  width  of  the  lune  could  be  only  a])]jro.ximately  determined, 
because  "  the  background  was  too  dark  to  distinguish  the  edges  of  the 
lune."     The  probable  errors  of  a  single  measure  were  found  to  be : 


Lune  Chord 


Harpham ±0.011  mm  ±0.011  mm 

Davis ±0.01:,  mm  ±0.011  mm 


This  would  seem  to  show  that  the  chord  can  l^e  measured  with  as 
great  accuracy  as  the  lune  and  would  therefore  indicate  a  decided 
superiority  in  this  method.  This  chord  not  only  furnishes  an  extremely 
accurate  and  delicate  measure  of  the  radius,  but  it  is  also  extremely  easy 
of  measurement.  The  measures  can  be  made  far  more  rapidly  than 
those  necessary  on  a  direct  photograph  of  the  solar  disk.  Unfortu- 
nately, however,  as  has  been  noted,  the  reductions  for  refraction  are 
rather  complicated,  and  special  formulae  are  necessar}-. 

Aside  from  the  general  effect  of  bad  seeing  outside  the  40-inch 
tube,  the  photo-heliographic  method  suffers  special  defects  from  bad 
seeing.  When  watching  the  solar  image,  pulsations  of  bad  defini- 
tion can  be  seen  to  sweep  across  the  solar  disk.  Entering  at  one 
limb,  they  can  be  followed  across  the  disk  by  the  rippling  along  the 
limb,  so  that  at  any  moment  one  part  of  the  limb  may  be  steady, 
and  other  parts  unsteady.     In  the  overlapping  images  of  the  photo- 
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heliograph,  two  points  of  one  hmb  fall  upon  two  points  of  the  oppo- 
site limb,  and  to  have  a  perfect  photograph  these  four  points  of  the 
limb  must  have  sharp  definition.  It  is  not  difficult  to  get  one  image 
in  the  common  area  sharp,  but  to  get  both  sharp  requires  unusual 
steadiness.  Any  distortion  of  one  image  in  ihe  points  of  intersection 
will  increase  or  decrease  the  length  of  the  common  chord,  and  will 
give  an  erroneous  value  for  the  radius.  The  distortion  will  be  a 
change  in  length  of  the  solar  radius,  and  this  will  increase  or  decrease 
the  length  of  the  chord.  As  the  measured  length  of  the  chord  is  a 
delicate  test  of  the  length  of  radius,  according  to  the  formula: 

any  error  in  its  length  will  multiply  the  error  in  determining  the 
radius,  and  in  just  the  ratio  -5 . 

In  measuring  a  simple  solar  image,  such  local  errors  from  bad 
seeing  are  not  magnified,  and  may  moreover  be  eliminated  by  taking 
the  mean  of  several  measures  of  the  diameter  near  the  equatorial 
and  axial  diameters.  Here  we  have  not  this  possibility,  and  to 
offset  the  disadvantage,  more  plates  must  be  measured  than  in  the 
older  method.  On  account  of  the  simplicity  of  measurement  and 
reduction,  however,  this  is  not  a  costly  expedient. 


REFRACTION    FORMULAE 

Let  L'L"  be  the  two  lenses  mounted  in  a  single  cell  at  a  fixed 
distance  apart  and  with  the  optical  axes  UC  and  L"C"  parallel.  The 
cell  with  the  two  lenses  can  be  revolved  about  the  common  collimation 
axis  LC. 

Each  lens  will  form  an  independent  image  of  the  sun,  and  these 
images  will  appear  on  the  photographic  plate,  P,  with  their  respective 
centers  at  C  and  C" .  If  the  adjustment  of  the  lenses  is  perfect, 
each  image  will  be  an  exact  duplicate  of  the  other,  and  if  there  be  no 
refraction  they  will  be  sensibly  circular.  The  distance  between  the 
centers  of  the  two  images,  which  will  be  equal  to  that  between  the 
optical   centers  of   the  two  lenses,  is  one  of   the  constants  of   the 
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instrument,    and    will     he    (k-notcd    hy    2<i.      From   the   measured 
value  of  the  common  cliord,  2(1,  the  radius  of    the   image,  passing 


Fig.  I 

through  the  extremity  of   the  chord,  can  be  readily  found  by  the 
formula, 

R  =  ^'^a^+d'  .  (i) 

Refraction  deforms  the  apparent  disk  of  the  sun  into  a  figure  of 
unknown  shape  which,  however,  is  symmetrical  with  respect  to  the 


Equator 


Fig.  2 


vertical  axis  through  the  center.  The  real  images  which  appear 
on  the  photographic  plate  are  therefore  two  symmetrical  but  unknown 
cur\-es  (approximately  elhpses)  whose  centers  are  at  C,  and  C,,. 
These    deformed    images  are  shown   in   Fig.    2,    which  represents 
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the  case  when  the  line  joining  the  centers  of  the  two  lenses  is 
parallel  to  the  equator  of  sun.  The  image  formed  by  lens  I  has 
its  center  at  C,,  the  image  formed  by  lens  II  is  identical  with 
that  formed  by  I,  but  it  has  been  moved,  as  it  were,  along  an  axis 
parallel  to  the  sun's  equator  until  its  center  is  at  C,,.  The  common 
chord  of  the  two  images  is  the  line  MM',  which  passes  through  C, 
the  point  in  which  the  collimation  axis  of  the  instruments  cuts  the 
focal  plane.  The  ends  of  the  chord,  M  and  M',  do  not  correspond 
to  real  points  in  the  heavens,  they  are  merely  the  intersections  of  the 
two  curves  in  the  focal  plane,  or  on  the  photographic  plate.  The 
points  of  the  two  curves,  which  coincide  on  the  image,  and  form  the 
the  point  M,  in  reality  lie  on  opposite  sides  of  the  sun.  It  is  thus 
incorrect  to  speak  of  "the  refraction"  of  the  point  M;  yet  this  point 
of  intersection  is  changed  by  the  effects  of  refraction,  changed  by  the 
combined  effects  of  the  refraction  of  the  points  M  and  M'". 

If  the  sun  be  photographed  at  a  very  small  altitude,  then  the 
refractions  of  the  four  points  M,  M\  M",  and  M'"  will  be  different. 
The  radius  CM,  for  example,  is  not  only  shortened  by  refraction,  but 
it  is  also  turned  through  a  minute  angle.  The  entire  refraction 
effect  is  differential,  and  formulae  for  finding  the  actual  amount  of 
the  differential  refraction  both  in  radius  and  position  angle  were  devel- 
oped by  Bessel.  These  formulae  require  the  use  of  the  position  angle 
at  the  middle  point  of  the  distance  measured  and,  therefore,  are  not 
entirely  suitable  for  photographic  plates.  Jacoby  made  a  shght 
modification  in  these  formulae  and  adapted  them  for  photographic 
work.     They  are: 

<T—s=sx  [tan^  ^cos^  (/'~9)  +  i]  +  terms  of  second  order 
iT—p=  —X  cosec  i"  tan^  i  sin  {p—q)  cos  (p—q) 

—X  cosec  i"  tan  $  sin  q  tan  8 

+  terms  of  second  order, 

in  which  s  and  p  are  the  measured  distance  and  position  angle,  and 
o-  and  TT  the  same  corrected  for  refraction.  These  formulae  of  Jacoby 
are  identical  with  those  of  Bessel,  with  the  exception  of  the  terms  of 
the  second  order,  which  terms  are  usually  so  small  as  to  be  entirely 
inappreciable.     The  term: 

—X  cosec  i"  tan  $  sin  q  tan  S  , 
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which  atTccts  all  the  ])()>iii()n  ani^lcs  alike  on  any  j^ivcn  j)late,  may  be 
neglected  and  will  llu-reforc  l)c  omiltcd  from  the  above  formula. 

At  oijposile  ends  of  a  diameter  the  second-order  terms  arc  ecjual, 
but  of  contrary  sign.  They  only  begin  to  become  appreciable,  how- 
ever, when  the  altitude  of  the  sun  is  less  than  26°,  at  which  point 
these  terms  may  amount  to  as  much  as  ±  o^'oi^.  At  altitudes  greater 
than  this,  therefore,  the  refractions  of  M',  and  M'"  are  sensibly  equal, 
as  are  also  those  of  M"  and  .1/.  Hence  at  altitudes  greater  than  26°, 
refraction  deforms  the  solar  image  (assumed  to  be  a  circle)  into  a 
curve  which  is  sensibly  symmetrical  with  respect  to  the  horizontal  as 
well  as  the  vertical  axis. 

At  about  17°  altitude  the  second-order  terms  become  as  great  as 
±  o!'o5,  and  at  smaller  altitudes  tlie  terms  increase  very  rapidly.  The 
figure  is  no  longer  symmetrical  with  respect  to  the  horizontal  axis 
and  the  common  chord  MM'  no  longer  bisects  the  line  C'C".  But 
for  all  practical  altitudes  it  may  be  assumed  that  these  two  lines 
mutually  intersect;  the  error  in  this  assumption  being  only  of  the 
third  order.  Denoting  the  refraction  of  the  radii  drawn  to  M,  M',  M", 
and  M'"  by  r,  r' ,  r"  and  r'"  respectively,  we  shall  have  for  the  true 
lengths  of  these  radii, 

C,M     Vr 

C,M'   +r' 

C,M"  +r" 

C,M"'+r"\ 

And  without  sensible  error  we  may  take, 


Further,  if  the  sun  itself  be  regarded  as  a  figure  of  revolution  about 
its  polar  axis,  then  radii  symmetrically  placed  with  respect  to  the 
equator  will  be  equal,  and  the  four  above-mentioned  radii  will  all  be 
equal.     We  have,  therefore, 

C,M'+r'  =  C,M"+r"  =  R; 

but  C,,M'  is  C,M"  moved  into  a  new  position  by  the  action  of  the 
second  lens.     Hence  we  have 

C,M'W=C„M'W^R  ,  (2) 

where  R  is  the  true  length  of  the  sun's  radius. 
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From  this  wc  find  at  once 

C,M'-C„M'  =  r"-r'.  (3) 

Now  in  the  two  triangles  C,}rC  and  C„M'C  the  sides  C,C  and  CC,, 
are  equal,  each  being  one-half  the  distance  between  the  optical  centers 
of  the  two  lenses.  This  is  a  constant  of  the  instrument  and  has  already 
been  denoted  by  0.  The  distance  CM'  is  one-half  the  measured 
chord  and  is  denoted  by  d.  The  angle  at  which  C,C„  and  M'M 
intersect  will  be  denoted  by  <^;  it  differs  but  slightly  from  a  right 
angle. 

From  trigonometry  we  have : 


C,M'  =a^+d^  +  2ad  cos  <^ 


C„Ar  =a^+d'-2ad  cos  <^  , 
whence  by  addition, 

C^'\c,,Ar=2{a'+d')  .  (4) 

By  solving  equations  (3)  and  (4)  the  values  of  C,3/'  and  C„M'  can  be 
found  as  follows :  


C„M'=-^{r"-r')+Va'+d'-W-r'y  .  (5) 

Whence  from  (2)  the  length  of  the  radius  will  be: 

R  =  ^(^/'+r')  +  ^''^^+d^^^W^^',  (6) 

and  this  determines  the  corrected  radius  in  terms  of  the  refractions 
and  the  measured  chord. 

The  radius  thus  found,  however,  is  not  the  equatorial  radius,  nor 
is  it  any  single  radius.  It  is  the  mean  value  of  two  radii,  symmetrically 
placed  on  each  side  of  the  equator.  The  angle  at  which  these  radii 
are  inclined  to  the  equator  may  be  found  with  sufficient  accuracy  by 
taking 

tan  d  =  -  .  (7) 

a 

This  assumes  the  chord  to  be  perpendicular  to  the  line  joining  the 
centers,  and  therefore  neglects  the  slight  tilting  effect  of  refraction. 
This  tilting  effect  amounts  to  only  a  few  minutes  of  arc  and  the  con- 
sequent error  in  0  is  small. 

If  the  centers  between  the  two  lenses  should  be  separated  to  such 
an  extent  that  the  two  images  become  tangent,  then  the  chord  vanishes 
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and   the  instrument   becomes   a   heliomeler  of  the  ordinary   form. 

In  this  case  the  refractions  r'  and  r"  arc  equal  and  formula  (6)  reduces 

to, 

R  =  a^r'.  (8) 

In  this  case  a  is  varial)le  and  is  measured  1>\'  a  micrometer  screw.  An 
error  in  the  measurement  of  a  will  direclly  effecl  R  to  il>  full  \alue. 

In  the  ])hotograi)hic  method  a  is  constant  and  d  is  measured.  The 
effect  of  an  error  in  measuring  d  uj)on  the  resulting  value  of  R  can  be 
found  by  differentiating  (6),  regarding  a  and  the  refractions  as  con- 
stant as  follows: 

A* ''-"^ 

2V  a''-\-d'  —  \{r"-r'y 

But,  neglecting  refraction,  the  value  of  the  denominator  of  the  above 
fraction  is  equal  to  R:  hence,  as  heretofore  given,  we  have: 

^R=—^d  (approximately).  (9) 

K 

.     d 

Therefore  an  error  in  measuring  d  will  affect  R  only  in  the  ratio  -^  . 

d 
If  the  half-chord  subtend  an  angle  of  5^°  then  ^  =  0.1,  and  an  error 

of  measurement  will  affect  the  result  by  only  j^^  of  its  amount.  In 
the  test  photographs  made  at  the  Yerkes  Observatory  the  scale  was 
such  that  one  millimeter  was  approximately  equal  to  27''©  and  the 
chord  was  one-third  the  radius.  Hence  an  error  of  measurement 
of  o.oi  mm  in  the  chord  would  cause  an  error  of  only  0.0033  n^"^> 
or  o''io  in  the  computed  value  of  the  radius.  On  good  photographs 
quantities  of  this  size  can  be  easily  measured. 

EXPERIMENTAL    RESULTS 

As  an  example  of  the  reductions  I  will  refer  to  the  plates  taken  at 

the  Yerkes  Observatory  by  Mr.  Fox  on  November  12,  1907.  The 
data,  as  furnished  by  him,  follow : 

Plate 2e  137  2e  138 

Date November  12,  10^  58^7  11^  2^^ 

Diameter Equatorial  Polar 

■  Barometer 29.33  in.  29.33 

Att.  Thermometer 48?5  48°5 

E.xtemal  Thermometer  310  310 

The  plates  were  measured  with  the  Repsold  measuring  machine  of 
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Columbia  University,  on  different  days  and  by  different  observers, 
with  the  foUowino;  mean  resuhs: 


2ei37 

2ei38 

Harpham 32.686 

Poor .670 

Davis .  69S 

32.560 
.540 
■547 

Mean 

32.6847 
16.3424 

32-5490 
16.2745 

d 

From  measures  on  a  series  of  plates  a  preliminar}-  value  of  the 
distance  between  the  centers  of  the  two  lenses  was  obtained.  This 
gave  for  the  half  distance,  or  instrumental  constant, 

0=31.9424 
and  from  the  formula, 

R  =  A  aT+d% 
an  approximate  value  of  the  apparent  radius  may  be  calculated  for 
each  plate.  Then  from  the  given  data  can  be  computed  the  zenith 
distance  of  the  center  of  the  sun  at  the  time  each  plate  was  taken,  and 
thence,  with  the  approximate  values  of  the  apparent  radius,  the  refrac- 
tions for  the  points  of  intersections.     We  thus  find : 


2c  137 


2ei38 


Zenith  distance . . 
Parallactic  angle. 
0 


Approximate  radius. 
Refraction,  r" 


(r"-r').. 
i(r"-r')' 
Kr"  +  r').. 


60°  47'  10" 
—  8°  21'  19" 

35 .  8803  mm 
+  0.0330  mm 
+  0.0102  mm 
+  0.0228  mm 
+  o.oooi  mm 
+   0.0216  mm 


60°  40'    3" 
-   7°  36'  28" 

27°  3' 45" 
35.8493  mm 
+  0.0422  mm 
+  0.0200  mm 
+  0.0222  mm 
+  O.OOOI  mm 
4-   0.03 1 1  mm 


From  formula  (6)  now  are  found  the  corrected  values  of  the  radii, 
and  reducing  the  results  to  distance  unity,  we  have  finally: 

Equatorial  radius,  plate  ^e  137  =  35-5296  mm 

Polar  radius,  plate  ^e  138 =35.5082  mm 

Mean  radius =35-5 189  mm 

Polar  minus  equatorial =  —  0.0214  mm 

The  scale  value  was  approximately  determined  as: 

I  mm  =  27  ''06  . 

And  this,  combined  with  the  above  value  for  P—E,  shows  that  on  this 
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date  the  radius  measured  on  the  e([uatorial  i)hite  exceeded  that  on 
the  polar  plate  bv 

o:'57  • 
These  radii  cut  the  surface  of  the  >un  in  latitudes  26°  and  64°  respec- 
tively. 

A  series  of  similar  plates  taken  on  various  days  during  October  and 
November  give  the  following  results: 


Date 


Residuals 


Mean  Radius 


Arc 


P-E\uc 


Oct.  18 

21 

22 

23 

Nov.  8 

12 

35 -53^ 
.469 

•497 
•536 
.469 

■519 

+  033 
-036 
-008 
+  031 
-036 
+  014 

+  0:89 
-0.97 
—  0.22 
+  0.84 
-0.97 
+  0.43 

-orsi 
-1. 16 

-1-43 
-1.08 
—  0.62 
-0-57 

Means 

35-505 

-0-95 

CONCLUSIONS 

The  photographic  tests  made  at  the  Yerkes  Observator}-  establish 
the  value  of  the  photographic  method  and  of  the  photo-heliometer, 
but  they  showed  that  in  order  to  obtain  the  most  satisfactory 
results  several  essentials  must  be  observed: 

I.  The  results  derived  from  the  use  of  the  photo-hehometer  are 
more  satisfactorv'  and  accurate  than  those  derived  from  direct  photo- 
graphs of  the  sun.  The  measurement  of  the  chord  common  to  the 
overlapping  images  can  be  made  more  easily  and  rapidly  than  can  the 
measurements  of  the  diameter  on  a  direct  image  of  the  sun.  And  again, 
the  reductions  and  computations  connected  with  a  heliometer  measure 
are  ver\'  much  more  simple  than  are  those  necessar\'  to  determine  the 
relative  lengths  of  the  diameters  from  measures  upon  a  direct  photo- 
graph of  the  solar  disk.  It  takes  far  longer  to  measure  and  reduce 
a  number  of  diameters  on  a  direct  photograph  of  the  sun,  than  it 
does  to  measure  and  reduce  an  equal  number  of  heliometer  images. 
The  defects  from  bad  seeing,  heretofore  mentioned,  can  be  elimi- 
nated by  taking  the  mean  of  a  number  of  plates  made  on  the  same 
day.  Hence  for  the  purpose  of  determining  the  relative  lengths  of 
various  diameters  of  the  sun,  and  of  possible  variations  therein,  the 
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photo-heliometer  would  seem  to  be  more  efficient  than  the  direct 
photographic  telescope. 

2.  The  photographic  lenses,  or  half-lenses  of  the  heliometer,  must 
be  carried  on  a  separate  and  specially  designed  equatorial  mounting, 
so  constructed  that  the  shutter  is  independent  of  the  mounting.  If 
attached  to  the  mounting,  the  shutter  will  almost  invariably  cause  jars 
and  consequent  distortions  of  the  image.  To  obtain  images  of  suffi- 
cient size  for  accurate  measurement  the  focal  length  of  the  objective 
must  be  comparatively  great;  from  twenty-ii\'e  to  fifty  feet.  To 
satisfactorily  mount  and  house  such  a  large  instrument  is  a  complicated 
and  very  expensive  matter.  The  use  of  such  a  large  and  cumbersome 
instrument  might  be  overcome  by  the  use  of  a  fixed  magnifying  system, 
somewhat  similar  to  tele-photo  lenses.  By  making  the  optical  system 
fixed,  so  that  the  same  magnification  would  always  be  obtained,  many 
of  the  objections  to  the  use  of  a  magnifying  eyepiece  would  be  over- 
come, and  the  total  length  of  the  instrument  kept  within  reasonable 
and  handy  limits.  Simple  photographic  telescopes,  using  this  principle 
of  magnification  and  made  by  Steinheil,  have  been  in  use  for  some 
time. 

3.  Wet  plates  should  be  used.  On  the  modern  rapid  dry  plates 
the  edges  of  the  image  are  not  as  sharp  and  clear  as  those  on  the  old 
collodion  plates. 

Columbia  University 
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NOTE  ON  ATMOSPHERIC  TRANSMISSION  BY 
NIGHT  AND  BY  DAY 

M.  Ch.  Nordmann,  of  the  Paris  Observatory,  announces  [Trans- 
actions of  the  International  Union  for  Co-operation  in  Solar  Research, 
2,  48,  1908)  that  '*  in  many  cases,  especially  when  it  is  very  clear,  the 
distribution  of  atmospheric  a])sorption  in  the  spectra  of  the  stars 
appears  to  be  notably  ditTercnt  from  what  it  is  when  studied  in  the 
solar  spectrum."  He  says:  "I  am  able  to  state  in  the  majority  of 
cases  and  when  the  sky  is  clear,  that  for  zenith-distances  less  than 
about  70°  (because  beyond  this  point  the  phenomenon  returns  to  the 
diurnal  type),  the  violet  and  blue  parts  of  the  spectrum  are  notably 
less  absorbed  at  night  than  by  day.  I  have  found  that,  in  certain 
cases,  this  part  is  less  absorbed  than  the  red  part  itself."  He  con- 
cludes that  the  atmospheric  absorption  is  difTerent  at  night  from  what 
it  is  in  the  daytime. 

In  regard  to  M.  Nordmann's  hypothesis  of  a  difference  in  the 
absorption  of  short  waves  by  day  and  by  night,  the  following  considera- 
tions show  that  it  cannot  be  admitted:  The  human  eye  has  an  extra- 
ordinary range  of  sensitiveness  for  different  colors.  For  example, 
my  own  eye  is  790,000  times  as  sensitive  for  green  light  of  wave- 
length 0.5  M,  as  it  is  for  deep-red  light,  ^  =  0.768/*.  Moreover, 
although  the  change  is  not  as  rapid  in  the  brighter  part  of  the  spectrum, 
there  is  still  a  variation  of  sensitiveness  in  the  ratio  i :  10  in  passing 
from  A=o.6o  /x  to  ^  =  0.55  ft.  Consequently,  difTerences  in  the  dis- 
tribution of  the  more  intense  groups  of  absorption  lines,  such  as  occur 
in  the  spectra  of  stars  of  different  types,  may  shift  the  point  of  maxi- 
mum brilliancy  into  regions  of  the  spectrum  for  which  the  eye  has 
very  diverse  degrees  of  sensitiveness.  A  comparatively  slight  change 
in  the.  wave-length  of  the  ordinate  of  maximum  brightness  in  the 
spectral  luminosity-curve,  due  to  absorption  of  the  rays  by  the  atmos- 
pheres of  either  the  star  or  the  earth,  may  thus  correspond  to  a  much 
more  considerable  change  in  the  star's  apparent  brightness  on  account 
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of  the  unequal  sensitiveness  of  the  eye  to  the  combined  rays  when 
those  wave-lengths  to  which  the  eye  is  especially  sensitive  are  either 
deficient,  or  present  in  excess.  Thus  the  change  of  apparent  bright- 
ness for  the  same  difference  of  altitude  may  var}-  considerably  in  the 
case  of  two  stars  whose  original  light-distribution  is  not  the  same  in 
the  region  of  the  spectrum  which  chiefly  contributes  to  the  visual 
impression.  Much-  larger  changes  in  other  parts  of  the  spectrum, 
such  as  the  violet,  which  experience  strong  absorption,  but  do  not 
affect  the  eye  much,  will  have  relatively  little  effect  on  the  apparent 
magnitude  of  the  star  obtained  by  eye  estimate,  using  the  sum  of  all 
visible  rays.  Thus  the  apparent  transmission  of  star  light,  determined 
photometrically,  is  much  larger  than  the  combined  transmission 
of  solar  luminous  rays  deduced  from  spectrobolometric  obser\-a- 
tions  at  high  and  low  altitudes,  the  reason  being  that,  while  the  stellar 
observation  ostensibly  relates  to  luminous  rays  of  ever}^  wave-length, 
it  actually  or  virtually  refers  to  a  limited  region  of  the  visible  spec- 
trum which  has  a  larger  transmission-coefftcient  than  the  average 
for  all  kinds  of  light.  Some  incongruity  of  light-distribution  in  the 
region  of  the  spectrum  to  which  the  eye  is  most  sensitive  is  probably 
responsible  for  discrepancies  which  have  been  noted  in  photometric 
observations  of  stars  of  different  types  at  high  and  low  attitudes. 

The  visual  phenomena  described  above,  however,  do  not  affect 
photometric  comparisons  made  in  the  spectrum.  Here  another  cause 
is  at  work;  for  by  night  and  in  feeble  light,  the  eye  is  much  more 
sensitive  to  violet  than  by  day,  and  is  relatively  much  more  sensitive 
to  light  of  enfeebled  intensity  in  the  violet  than  to  equally  enfeebled 
green  or  yellow  light,  whenever  the  luminous  intensities  are  equally 
dim.  This  is  due  to  a  physiological  cause  which  appears  to  be  con- 
nected with  the  quite  gradual  formation  of  the  violet  pigment  which 
assists  in  the  absorption  and  thence  in  the  recognition  at  the  retina 
of  short  waves,  and  which  is  more  or  less  destroyed  by  exposure  of 
the  eye  to  strong  daylight.  Thus  a  rest  of  15  or  20  minutes  in  com- 
plete darkness  is  required  to  restore  the  sensiti\eness  of  the  eye  to 
violet  light,  whereas  a  much  shorter  period  suffices  for  the  longer  light- 
waves. Hence  the  apparent  increase  of  atmospheric  transmission 
of  violet  rays  by  night,  noticed  by  M.  Xordmann,  finds  its  explanation 
in  physiological  causes.     It  will  be  noted  that  as  the  star  sinks  lower 
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and  becomes  fainter,  the  eye  becomes  relatively  more  sensitive  to 
violet  light;  but  even  this  is  insulVicient  to  reverse  the  great  absorp- 
tion of  violet  rays  at  very  low  altitudes  of  the  stars,  since  M.  Nord- 
mann  fmds  that  when  the  zenith-distance  exceeds  70°,  the  ordinary 
daylight  law  is  restored.  In  photometric  comparisons  made  at  night 
in  the  lunar  spectrum  where  there  is  abundance  of  light.  I  fmd  no 
other  change  at  high  and  low  altitudes  of  the  moon,  and  no  other  law 
of  atmospheric  absorption  than  that  obtained  from  solar  observations 
in  the  daytime,  which  includes  minor  variations,  but  never  a  reversal 
of  the  order  of  absorption  for  violet  and  red. 

Frank  W.  Vkry 
Westwood,  Mass. 
March  31,  1909 


THE  ARC  SPECTRUM  OF  IRON 
The  article  on  the  arc  spectrum  of  iron,  A  6855  to  X  7412,  by  E.  J. 
Evans,  published  in  the  March  number  of  this  Journal,  does  not  refer 
to  any  earlier  measurements  of  the  iron  lines  in  the  region  of  longer 
wave-lengths  than  X  6855.  I  may  therefore  be  permitted  to  say  that 
a  careful  measurement  of  the  portion  of  the  iron  spectrum  in  question, 
extending  to  /  7600,  was  made  in  a  thesis  prepared  under  Professor 
Kayser's  direction,  which  perhaps  escaped  the  attention  of  Mr. 
Evans  on  account  of  the  place  of  its  publication.  The  reference  is: 
E.  A.  Kochen.  Der  rote  Tcil  des  Eigenbogenspectrums,  pp.  21.  Dis- 
sertation, Bonn  1909;  Zeitschrift  fiir  li'issenschaftliche  Photographic, 
5,  285-299.  1907. 

H.  KONEN 
Pbtysikalisches  Institut 

MtJNSTER  i/\V. 


XOTICE  OF  IXXREASE  IN  SUBSCRIPTION  PRICE 

With  the  thirtieth  volume  of  the  Astro  physical  Journal,  beginning 
with  the  July  number,  1909,  the  annual  subscription  price  will  be 
increased  by  one  dollar,  thus  becoming  five  dollars,  or  $2 .  50  per 
volume  of  five  numbers.  This  action  becomes  necessary  as  the 
result  of  the  increasing  cost  of  production,  particularly  in  respect  to 
printing  and  engraving.  The  editors  have  reluctantly  yielded  to  the 
necessity  of  this  change,  although,  in  view  of  the  number  of  pages 
per  year  and  of  the  quantity  and  quality  of  the  engravings,  the 
Journal  has  been  relatively  much  cheaper  than  its  contemporaries 
foreign  or  domestic.  An  increase  cannot  be  asked  in  the  subsidy 
granted  by  the  University  of  Chicago,  amounting  to  about  60  per 
cent,  of  the  cost  of  publication.  The  editors  believe  that  the  sub- 
scribers will  prefer  to  have  the  subscription  price  raised  rather  than 
to  have  the  size  of  the  Journal  reduced  or  the  average  number  and 
quality  of  the  illustrations  diminished. 

Particulars  as  to  the  price  of  foreign  subscriptions  and  of  single 
numbers  will  be  found  in  the  publishers'  notice  elsewhere  in  this 
number. 

The  Editors 

Yerkes  Observatory 
April  1909 
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VOLUME  XXIX  JUNE       I  QOQ  NUMBERS 

MEASUREMENTS  OF  WAVE-LENGTHS  OF  THE  SPARK 
SPECTRA  OF  CHROMIUM  AND  CALCIUM;  ALSO 
OF  THE  ARC  SPECTRA  OF  CERIUM  AND  THORIUM; 
TOGETHER  WITH  A  STUDY  OF  THE  POSSIBLE 
INFLUENCE  OF  VARIATIONS  OF  CURRENT,  CAPA- 
CITY, ETC.,  IN  THE  SPARK  CIRCUIT' 

By  frank  LAWRENXE  COOPER 

I.    MEASUREMENT  OF  SPARK  SPECTRA 

INTRODUCTION 

The  spark  spectra  of  chromium  and  calcium  are  of  considerable 
interest  since  the  solar  spectrum  contains  a  great  number  of  lines 
which  correspond  to  those  found  in  the  spectra  of  these  metals. 

Wave-lengths  of  the  spark  spectra  of  chromium  and  calcium  have 
been  made  by  Huggins,  Thalen,  Kirchhofif,  Hartley.  Adeney,  Lockyer, 
and  Liveing  and  Dewar;^  but  the  most  recent  determinations  are 
those  of  Exner  and  Haschek,^  being  a  part  of  their  great  work  on 
the  ultra-violet  spark  spectra  of  the  elements. 

The  last  observers  made  all  their  measuremens  from  plates  taken 
in  the  first-order  spectrum  of  a  15-foot  concave  grating.  Their 
method  of  measurement,  which  was  not  entirely  free  from  objections, 
was  to  project  an  enlarged  image  of  their  negatives  upon  a  screen 

'  Dissertation  submitted  to  the  Board  of  University  Studies  of  the  Johns  Hopkins 
University  in  conformity  with  the  requirements  for  the  degree  of  Doctor  of  Philosophy, 
June,  IQ07. 

*  Watts,  Index  of  Spectra. 

3  Sitz.  der  Kais.  Akad.  der  Wiss.  in  Wien,  1897,  and  following  years. 
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where  it  fell  upon  a  scale  of  5  mm  divisions,  from  which  they  read  off 
the  wave-lengths.  Considering  these  two  facts  it  is  reasonable  to 
expect  greater  accuracy  from  measurements  made  with  a  carefully 
constructed  dividing  engine  and  upon  plates  taken  in  the  second-order 
spectrum  of  a  21-foot  concave  grating,  as  was  the  case  with  the  wave- 
lengths between  /  2900  and  /  5000  given  in  the  following  tables. 
For  these  reasons  it  was  thought  desirable  to  make  a  more  careful 
study  of  the  spectra  of  these  metals. 

THE   PRESENT   MEASUREMENTS:   APPARATUS 

The  grating  employed  in  this  work  was,  as  mentioned  above,  a 
2i\-foot  concave  Rowland  grating  with  20,000  lines  to  the  inch, 
mounted  as  described  by  Professor  Ames  in  the  Philosophical  Magazine 
(5),  27, 369, 1889,  and  being  in  all  respects  the  same  instrument  used  by 
Professor  Rowland  in  his  work  on  the  solar  spectrum.  For  the  pur- 
pose of  comparison  of  spectra,  the  camera  carries  a  shutter  consisting 
of  a  long  brass  plate,  capable  of  revolution  around  a  horizontal  axis 
and  having,  throughout  its  length,  a  horizontal  opening  of  width  equal 
to  the  thickness  of  the  plate;  so  that  when  the  shutter  is  in  a  vertical 
position,  the  photographic  plate  is  exposed  along  a  strip  extending 
over  the  whole  length  of  the  plate  and  over  a  width  equal  to  the 
thickness  of  the  shutter.  When  the  shutter  is  turned  horizontally, 
the  central  strip  is  covered  and  the  remainder  of  the  plate  above  and 
below  the  strip  is  exposed.  The  camera-ljox  was  fixed  rigidly  ujjon 
the  track  by  means  of  wedges  placed  under  the  wheels  carrying  the 
camera-box. 

The  spark  was  produced  by  a  no- volt  alternating  current  of  about 
30  amperes  with  a  frequency  of  60  cycles  per  second.  After  being 
stepped  up  to  about  1000  volts,  it  was  passed  through  a  transformer 
known  as  the  "Rowland  coil,"  which  raised  the  potential  sufficiently 
to  produce  a  spark  about  two  centimeters  in  length.  The  "Row- 
land coil"  consists  of  a  primary  of  8  layers  of  150  turns  each  of  No.  12 
insulated  wire,  and  a  secondary  of  98  layers  of  164  turns  each  of  No.  25 
copper  wire.  The  spark  terminals  were  pieces  of  the  metal  to  be 
studied,  turned  down  at  the  spark  ends  to  the  sha])c  of  a  blunt  Icad- 
I^encil  point.  The  points  would  wear  down  slightly  during  a  long 
exjjosure,  but  care  was  taken  to  turn  them  down  to  the  proper  shape 
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before  each  und  e\cry  exposure.  They  were  <^iven  this  shape  so  that 
the  sjjark  would  keej)  on  the  sht  throughout  an  exjjosure. 

The  arc  for  the  comj)arison  spectrum  was  j)ro(luce(l  by  a  iio-voU 
direct  current  of  about  lo  amperes. 

Both  the  arc  and  sj)ark  iani|)s  were  ])hiced  (the  arc  nearer  the  sht) 
upon  a  phitform  which  was  moNal^le  upon  two  knife-edges  in  a  (hrec- 
tion  parallel  to  a  line  drawn  through  the  centers  of  the  slit  and  grating 
respectively.  Stops  were  placed  before  and  behind  the  platform  at 
such  a  distance  from  it,  that  when  it  was  against  one  of  them  the  arc 
was  in  focus,  and  when  it  was  against  the  other  the  spark  was  in 
focus;  that  is.  in  both  cases  the  source  of  light  was  in  precisely  the 
same  place  at  a  distance  of  130  centimeters  from  the  slit. 

The  light  was  focused  upon  the  slit  by  means  of  a  quartz  condens- 
ing lens  which  was  never  disturbed  during  the  exposure  on  any  one 
given  plate,  so  that  all  ex])Osurcs  would  have  the  grating  illuminated 
as  near  as  j)Ossiblc  the  same.  The  spark-gaj)  was  usually  8  or  9  mm 
in  length  and  its  image  on  the  slit  about  6  mm. 

In  the  secondary  circuit,  there  were  several  condensers  consisting 
of  plates  of  copper  foil  and  glass  surrounded  with  transformer  oil. 
The  capacity  could  be  varied  from  0.0036  to  o.  245  microfarad. 

The  plates  used  were  Seed's  Orthochromatic,  Seed's  No.  27, 
Cramer's  Isochromatic,  and  \V rattan  &  Wainwright's  Panchromatic, 
all  cut  1}  by  19  inches,  and  were  developed  with  a  hydrochinone 
solution  according  to  Jewell's  formula.'  All  measurements  on  plates 
were  made  with  the  dividing  engine  which  is  fully  described  by  Hum- 
phreys in  the  Astro  physical  Journal.  6,  180,  1897,  and  also  by  the 
method  described  at  the  same  ])lace. 


METHOD   OF   EXPOSURE 

As  stated  before,  the  arc  and  spark  lamps  were  on  a  movable 
platform.  The  spark  spectrum  was  usually  taken  first;  the  shutter 
turned,  and  then  the  j)latform,  which  was  independent  of  the  mounting 
of  the  grating,  was  carefully  slii)ped  back  on  the  knife-edges,  thus 
placing  the  arc  in  exactly  the  position  previously  occupied  by  the 
spark. 

^  Astrophysical  Journal,  ii,  240,  1900. 
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LINES   USED   AS   STANDARDS 

The  Standards  used  were  iron  lines  whose  wave-lengths  have 
recently  been  determined  by  Fabry  and  Perot,  that  is,  for  that  part 
of  the  spectrum  extending  from  /  2373.737  ^o  /  6494.994,  which 
were  the  limits  of  Fabry  and  Perot's  measurements.  For  the  shorter 
wave-lengths  the  standards  used  were  lines  whose  wave-lengths  have 
been  redetermined  by  Mr.  L.  E.  Jewell,  basing  his  measurements  upon 
the  original  wave-lengths  of  Professor  Rowland. 

CORRECTIONS 

A  calibration  cur\e  was  drawn  for  each  and  e^•ery  plate  with  wave- 
lengths as  abscissae  and  the  difference  between  readings  and  the  arc 
standards  as  ordinates.  From  these  curves  the  corrections  for  inter- 
mediate lines  were  read  off. 

TABLES    OF    WAVE-LENGTHS 

In  the  tables,  ;'  means  that  the  line  is  reversed,  d  that  it  is  doubly 
reversed,  and  /;•  that  it  is  reversed  three  times.  R  and  V  indicate  that 
the  line  shades  off  on  the  red  or  violet  side  respectively,  n  means  that 
the  line  is  nebulous;  and  br  that  it  is  broad. 

In  making  the  estimates  of  relative  intensities  between  the  arc  and 
spark  lines,  the  iron  line  4045.969  was  taken  as  standard.  This 
intensity  is  marked  30  and  corresponds  approximately  to  Kayser's 
mark  10. 
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CALCIUM 


Wave  Length 

Intensity 

Intensity 

WavkLength 

, 

Spuric 

Arc 

Spark 

Arc 

2208.82  br 

0 

4526.976  R 

0 

20  r 

2372 

J97 

I                         I 

4578  564 

4 

20 

239S 

565 

0  r 

4581   405 

5 

30 

2994 

960 

I                         I 

4585  876 

iR 

2997 

338 

2                      3 

4685.872 

I  R 

30 

2999 

6so 

I                       2 

4778.138 

2R 

3 

3000 

871 

I                       I 

5041 .610 

I 

2 

3006 

875 

0                      2 

5188.859 

2 

3 

3009 

i()4 

I                       I 

5260.393 

or 

0 

3158 

S80 

50  r,  R             10 

5261 .708 

3'- 

3 

3179 

342 

^or,  R             i^ 

5262.254 

3'' 

3 

3181 

270 

10  R                  3 

5264.247 

3'- 

3 

3487 

748 

1                        2 

5265  563 

3'- 

3 

3602 

09  hr 

I 

5270.276 

3'- 

3 

3624 

136 

2                     10 

5349  450 

4'' 

4 

3^3^ 

004 

3                      8 

5512.987 

4'- 

4 

3644 

410 

T,r                   20 

5581.978 

4'- 

4 

3706 

164 

50  R,  r             10 

5588.780 

6r 

6 

3736 

920 

50  /?,  r             20 

5590.225 

3'- 

3 

K3933 

786 

looor                 ^oo  r 

5594-474 

Ar 

4 

3948 

902 

or         1        '    8 

5598.598 

Ar 

4 

3957 

035 

2r         \           8 

5601 .287 

3" 

13 

H3968 

488 

>oo  r         \       300  r 

5602.765 

3" 

3 

3973 

724 

^    iV,r  \           8 

455 7  456 

8r 

8 

4092 

86    br,  n 

0                       2 

5967.560 

2  r 

2 

5094 

95    br,  n 

I 

4 

6102.824 

9 

9 

4098 

53    K« 

I 

4 

6122.218 

10  n 

10 

4132 

55 

00 

6161.294 

4 

4 

g  4226 

751 

loor 

1000  r 

6162.176 

15  r 

15 

4240 

426 

0 

2 

6163.757 

3 

3 

4283 

014 

20  r 

50 

6166.538 

4 

5 

4289 

372 

20  r 

50 

6169.036 

6 

6 

4298 

995 

20  r 

30 

6169.565 

6 

7 

4302 

522 

50 r                100 

6439.084 

8r 

8 

G4307 

736 

20  r                100 

6449 . 820 

6 

6 

4318 

645 

3°"                 50 

6455.213 

I 

2 

4355 

087  br,  n 

I            j            2 

6462.577 

5 

5 

4425 

440 

20  dr      1     I'loo 

6471 .665 

4 

5 

4434 

965 

20  dr      1        100  r 

6493 • 784 

6 

6 

4435 

687 

15  dr      j          50 

6499 . 662 

4 

4 

4454 

874 

30  r                200 r 

6572.714 

1 

I 

4456 

62; 

i^r                   20 

6717.721 

5 

5 

4456 

625 

\r         .           8 

CHROMIUM 


2132.749 
2133.568 
2134.651 
2135.490 
2141.285 


2144 
2150 
2170 
2171 
2183 


300 
815 
777 
196 

799 


004 
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Intensity       | 

Intensity 

Wave-Lfngth 

I 

\\  AVE-l^E-NGTH 

Spark   !    Arc 

Spark 

Arc 

21S5.09S 

0 

2306.940 

0 

2190 

895 

0 

2370 

278 

I 

2191 

710 

0 

2310 

lOI 

0 

2198 

009 

0 

2314 

729 

2198 

698 

0 

2314 

729 

2203 

325 

0 

2314 

820 

2208 

788 

0 

2319 

150 

2211 

897 

0 

2319 

489 

2213 

883 

0 

2320 

200 

2217 

591 

° 

2324 

985 

2 

2218 

752 

0 

233° 

103 

0 

2219 

700 

0 

2333 

551 

I 

2226 

781 

0 

2333 

970 

0 

2231 

900 

0 

2334 

330 

0 

2233 

873 

0 

2334 

^o8 

0 

222,S 

970 

I 

2334 

618 

0 

2237 

651 

I 

2337 

817 

0 

2241 

430 

0 

2340 

551 

0 

2241 

902 

0 

2344 

645 

0 

2243 

390 

0 

2345 

407 

0 

2243 

740 

0 

2365 

290 

2 

2244 

213 

I 

2366 

891 

I 

2244 

970 

0 

2381 

S86 

I 

2247 

809 

0 

2389 

859 

I 

2248 

000 

0 

2394 

100 

2248 

408 

0 

2397 

848 

2248 

693 

0 

2397 

848 

2249 

950 

0 

2398 

600 

0 

I 

2250 

098 

0 

2399 

745 

0 

I 

2251 

617 

0 

2400 

318 

0 

2252 

140 

0 

2404 

054  tr 

0 

2256 

149 

0 

2408 

764 

0 

I 

2256 

860 

0 

2413 

722 

0 

2257 

250 

0 

2416 

471 

I 

2257 

002 

0 

2419 

490 

0 

2257 

896 

0 

2419 

986 

0 

2258 

147 

I 

2420 

206 

0 

2258 

250 

0 

2425 

292 

0 

2258 

750 

0 

2425 

745 

0 

2261 

829 

0 

2428 

448 

0 

2265 

020 

0 

2429 

746 

0 

2273 

502 

I 

2430 

204 

0 

2275 

601 

0 

2433 

305 

I 

2276 

560 

I 

2435 

392 

0 

2277 

578 

0 

2438 

551 

I 

2284 

580 

I 

2445 

178 

0 

2287 

300 

0 

2445 

649 

0 

2289 

309 

0 

2446 

148 

0 

2290 

755 

I 

2446 

959 

0 

2295 

640 

r 

2449 

701 

I 

2297 

270 

I 

2450 

020 

I 

2300 

589 

I 

2450 

443 

0 
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oo:) 


Wave-Length 

Intensity 

Wave-Length 

Intensitv 

Spark 

Arc 

Spark 

Arc 

2452 -r'M 

0 

2516.000 

0 

2454.140 

0 

2516.717 

I 

2 

2454 • 545 

I 

2518.410 

2 

2 

2455.302  br 

0 

2519.646 

0 

2 

2456. 87    br 

0 

2520.744 

I 

2458.902 

0 

2522.79 

0 

2459 . 05 1 

0 

2523.402 

3 

2460.542 

0 

2523   746 

I 

2460.950 

0 

2527.195 

0 

2 

2462.437 

0 

2527.516 

0 

2465 . 024 

0 

2530  05 7 

2 

246^.728 

0 

2530  304 

I 

I 

2465.865 

0 

2531  ot;? 

I 

2466.334 

0 

2531-935 

0 

2466 .    4    br 

I 

2534-410 

I 

I 

2469.222 

I 

2536.900 

0 

246*) .  605 

0 

2537-805 

0 

2470.944 

0 

2538.419 

4 

2472 -955 

I 

2539.046 

0 

2475.028 

0 

2542.880 

0 

2475-770 

0 

2543-229 

I 

2477  025 

0 

2544.410 

0 

2477.852 

0 

2545  287 

0 

I 

2479.908 

I 

I 

2546.068 

0 

2483.184. 

I 

2246.547 

0 

2483.903 

2 

2547- 650  6r 

0 

2485 . 604 

0 

2548.146 

r 

2486.413 

I 

2548.668 

I 

2486.752 

0 

2550-127 

0 

2487.176 

0 

2550.416 

0 

2489.413 

I 

2551-697 

2 

2489.870 

0 

2552.001 

0 

2490 . 209 

0 

2555-647 

2 

2490.87    br 

0 

I 

2557-149 

0 

2 

2492 ■ 747 

I 

2 

2557-570 

0 

2492.990 

I 

2 

2558.500 

0 

2493  387 

I 

2559-924 

I 

2496 .52    br 

0 

2 

2560.814 

0 

2 

2497.04    br 

0 

2561.134 

0 

2497.983 

0 

2561.951 

0 

2498.945 

I 

r 

2562.603 

0 

2501 .602 

0 

2563.448 

I 

2504  432 

0 

2 

2563.696 

2 

2505-937 

0 

2564.864 

0 

2506.185 

0 

2566.447 

0 

2506.49 

0 

2566.595 

0 

I 

2510.346 

0 

I 

2566.993 

0 

25ir.3io 

0 

2567-470 

0 

2512.109 

0 

I          :!        2567.71    br 

0 

2512.518 

0 

2568 . 704 

I 

I 

2513.817 

2 

I 

2569.572 

0 

2515 .2or 

2 

1        2570.940 

0 

O.)^ 
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Intensity 

Intensity 

Wave-Length 

Wave-Length 

Spark 

Arc 

Spark 

Arc 

2571 .896 

I 

2 

2632.693  br 

0 

2572-239 

0 

I 

2633 ■ 746  br 

0 

2573  658 

I 

I 

2634.447^"" 

0 

2574.285 

0 

2635.874  br 

0 

2575.898 

0 

2636.447 

0 

2578.398 

I 

2 

2637.290 

0 

2579.204 

0 

I 

2637.601 

0 

2582.029 

0 

I 

2639 . 248  br 

0 

I 

2582.350 

0 

2640.100  br 

0 

I 

2583 • 734 

0 

1 

2640.827 

0 

2584.206 

I 

2641 .518 

0 

2585.027 

0 

2641 .946 

0 

I 

2585.720 

0 

2643.669 

0 

2587.508 

I 

I 

2647.612 

0 

2588.106 

0 

I 

2648 . 240 

0 

2588 . 306 

0 

I 

2650.947 

0 

2589.150 

0 

2652.215  br 

I 

2589.806 

I 

2663 . 696 

3 

3 

2590.540 

0 

I 

2655-897 

0 

2590.865 

2 

3 

2657.710  br 

0 

2591.944 

0 

2658.695 

2 

3 

2595.664 

I 

2659.047 

I 

3 

2596.197 

I 

I 

2659.586 

0 

2601 .978 

0 

2659.890 

0 

2603 . 05 1  br 

0 

I 

2660.896 

0 

2603.816 

0 

2661.485 

2 

2604.247 

0 

2661 .850 

2 

I 

2605 . 730 

0 

2663.147 

0 

2606 . I 69 

0 

2663.588 

4 

3 

2606.640 

I 

2663 .800 

2 

1 

2607 . 729 

0 

2665 . 798  br 

I 

2608 . 003 

I 

2666. 195 

6 

3 

2608.247 

0 

I 

2668.076 

I 

2608.906 

0 

2668.835 

5 

3 

2610. 194 

0 

I 

2670.215 

2 

2610.930  br 

I 

2670.406 

I 

261 I . 103  br 

0 

2671.953 

6 

3 

261 I .697 

0 

I 

2672.505 

I 

I 

2612.48 

0 

I 

2672.935 

4 

3 

2613.307 

0 

I 

2675.396 

0 

2613.616 

0 

2675.791 

2 

2614.715 

I 

2676.675 

0 

2616.301 

0 

2677.270 

2 

4 

2616.548 

0 

2678.874 

8 

3 

2618.854 

0 

r 

2680 . 005 

0 

2619.729 

I 

2680 . 396 

I 

I 

2620.626 

I 

2683.550 

I 

2623.472 

2 

2684.227 

0 

2626. 146 

2685.165 

0 

2626.885 

I 

2685 .252 

0 

2628.006 

2686.105 

0 

263 1 .  005 

2 

2686.490 

0 
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Wave-Length 

Intensity 

Wave-Le.ngth 

iNTENSrrV 

Spark 

Arc 

Spark 

Arc 

2687    I  74 

5 

3 

2733.690 

0 

2688 . 304 

10 

2 

2734  859 

0 

2689. 2 78 

2 

2735.828 

0 

2689.908 

0 

2737.140 

0 

I 

2690.504 

0 

I 

2739-499 

I 

2 

2691.147 

10 

3 

2739.841 

0 

2692 . 235 

2 

1        2740.172 

2 

I 

2693.613 

5 

2741 .165 

I 

2 

26t}4.8oo 

0 

2742.128 

5 

2 

2696.853 

I 

I 

2743-704 

6 

2697.594 

3 

2744  367 

I 

2698.015 

4 

I 

2745   043 

2 

2698 .515 

3 

3 

2745.486 

0 

2698.734 

2 

3 

2746.263 

3 

2698.940 

3 

I 

!      2747.950 

0 

2699.496 

0 

2749.023 

7 

3 

2700.710 

0 

2749.885 

I 

2701 .221 

I 

2750.817 

10 

3 

2701 .215 

I 

2751.965 

10 

I 

2701.788 

0 

2752-490 

0 

2702. 115 

0 

2762.903 

0 

3 

2702.670 

0 

I 

2753.286 

0 

2703.087 

0 

2753-753 

0 

2703-645 

5 

r 

2754.000 

I 

2703.951 

1 

I 

2754.396 

2 

2704.883 

0 

I 

2755-115 

0 

I 

2705-549 

0 

1 

2755-340 

I 

I 

2706.227 

0 

2756.384 

2 

2  706  .  665 

0 

1 

[      2757.036 

I 

4 

2708.904 

4 

2757.805 

7 

3 

2709.420 

4 

2758.723 

0 

2711.015 

4 

2759  075 

3 

2711.306 

0 

2759.496 

3 

r 

2712.413 

5 

2 

2759.825 

2 

2715-750 

0 

2760.145 

I 

2717.096 

0 

2760.406 

I 

2717-587 

2 

I 

2760.485 

I 

2718.210 

I 

2760.612 

I 

2718.485 

6 

2760.957 

0 

2719.157 

0 

2761.845 

0 

3 

2720.178 

2 

2762.701 

10 

3 

2720.365 

I 

2762.846 

I 

I 

2720.787 

0 

2763-695 

I 

2722.825 

4 

2 

2764.096 

0 

2723.688 

3 

2764-395 

I 

2724.121 

3 

2765.147 

0 

2726.362 

0 

2765  583 

I 

2726.583 

0 

5 

2765 .700 

0 

2727.317 

4 

I 

2766.005 

I 

2728.250 

0 

2766.624 

15 

4 

2729.829 

0 

2767.353 

0 

2731.989 

0 

5 

2767.692 

0 

I 

v30^ 
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ISTESSriY 

1 

Intensity 

Wave-Length 

\V.\ve-Length 

Spark        i          -Arc 

Spark 

Arc 

2768.253 

1 
0 

2826.198 

0 

2768.682 

3 

2826.285 

I 

2759-451 

0 

2826.550 

0 

I 

2769.983 

0 

6 

2828.078 

0 

2771-405 

0 

I 

2828.906 

0 

2772.032 

I 

2830.635 

20 

I 

2772.477 

0 

2832.592 

3 

2773425 

2 

2833   586 

0 

2774.561 

2 

2834-397 

3 

2776-754 

I 

2835 • 707 

25 

4 

2778-175 

3 

I 

2836.590 

I 

2779-053 

0 

2838 . 000 

I 

2780.415 

4 

8 

2838.903 

4 

I 

2781 .027 

I 

2839.237 

0 

2781.205 

I 

I 

2840.137 

7 

I 

2782.480 

2 

2840.566 

0 

2782.697 

0 

2842.517 

0 

2783-959 

0 

2842.895 

0 

I 

2784-450 

0 

2843-350 

IS'- 

4 

2785.249 

0 

2846.497 

2 

2785.820 

7 

2846 . 796 

I 

2786.580 

2 

2848.500 

I 

2787.715 

3 

2849.456 

0 

2788.003 

0 

I 

2849.936 

10 

4 

2789.184 

0 

2850.447 

0 

2789.507 

3 

2850.740 

0 

2792.256 

10 

2851.485 

6 

I 

2793   765 

0 

2852.390 

0 

2795-643 

I 

2852.795 

0 

2798.803 

2 

I 

2853-346 

2 

2800.290 

I 

2853.9.35 

0 

2800.884 

10 

I 

2854.271 

0 

2803.447 

0 

2854-713 

0 

2804.143 

0 

2855.141 

I 

2808.137 

I 

2855-747 

10 

3 

2809.42    br 

0 

2856.413 

0 

2809.714 

0 

2856.856      . 

2 

I 

2810.250  br 

I 

2857-495 

2 

I 

281 I .000 

0 

2858.065 

I 

281 I .179 

I 

2858 . 742 

I 

I 

2811.568 

0 

2859.020 

3 

3 

2812.120 

10 

I 

2861 .047 

4 

3 

2813.642 

0 

2862.685 

10 

3 

2814-353 

0 

2865.214 

3 

3 

2816.917 

2 

2865.455 

I 

I 

2817.665 

0 

2865.803 

0 

2818.075 

0 

2866.025 

I 

2818.183 

7 

I 

2866.842 

4 

3 

2822.178 

4 

I 

2867.239 

I 

I 

2822.527 

10 

2 

2867.740 

4 

3 

2824.687 

0 

2868.741 

0 

2825.649 

I 

2870.540 

4 

2 

SPARK  SJ'KCTKA  ()/•   CIIROMIIM  AXD  CALCIUM  339 

CIIROMl  IM-Cuntinued 


Wave- Length 

Intensity 

1 

Intensity 

Spark 

.Vrc 

WavkLencth 

Spark 

Arc 

2871.539 

0 

291 1 .275 

0             '             2 

2871-737 

0 

2 

291 1 

8' 3 

2                1 

2S73.602 

2 

2 

2913 

^35 

0                1 

2873 -957 

I 

1 

1        2913 

837 

0                                 1 

2874.625 

° 

'        2915 

34.S 

I 

2873- 135 

' 

2016 

187 

0                                '1 

2876.054 

4 

2 

2921 

342 

2 

2876.385 

2 

2 

2921 

933 

2                 i                 I 

2876.754 

0 

2922 

608 

0 

2878.057 

2 

2 

2923 

600 

I 

2878.536 

I 

I 

2923 

851 

2 

287Q.307 

0 

2 

2926 

279 

I 

2880.987 

3 

I 

1           2Q27 

203 

4 

2882.010 

3 

2928 

271 

2 

2885.418 

0 

2928 

455 

2 

I 

2886.525 

0 

2929 

548 

I 

28S7.105 

0 

2 

2930 

932 

I 

2887. S75 

I 

2932 

800 

I 

2888 . 389 

- 

2933 

715 

0 

2889.297 

2 

2934 

055 

I 

I 

2889.613 

2 

2934 

380  ftr 

I 

2889.955 

I 

2935 

255 

3 

I 

2891 .238 

3 

2937 

027 

I 

2891.527 

0 

r 

1           2939 

550 

I 

2891.985 

I 

2940 

340 

I 

2892.890 

0 

2941 

065 

0 

2893  075 

I 

2942 

070 

2 

I 

2893 . 269 

0 

2 

2945 

832 

0 

2893.625 

0 

2946 

900 

2 

I 

2894.378 

I 

2 

2947 

573 

0 

2894.945 

0 

2949 

572 

I 

I 

2895.134 

0 

2949 

885 

0 

2895 . 788 

0 

2950 

201 

0 

2896.^20 

4 

I 

2950 

781 

0 

2896.878 

I 

2 

2951 

519 

0 

2897 -357 

0 

2952 

060 

0 

2897.810 

2 

2952 

539 

0 

2898.649 

4 

I 

2953 

458 

2 

I 

2899 . 253 

I 

I 

2953 

780 

3 

2899 . 590 

2 

2954 

741 

0 

290X.147 

0 

1 

29  5. ^ 

240 

0 

2902 . 764 

0 

2956 

705 

0 

2903.010 

0 

2957 

706 

0 

2903.719 

0 

2959 

671 

0 

2904 . 088 

I 

2960 

042 

0 

2904.837 

0 

I 

2961 

832 

3 

I 

2905 . 607 

0 

2 

2963 

570 

0 

2906.275 

0 

0 

2966 

147 

2 

I 

2908.417 

0 

2967 

025 

0 

2909.165 

0 

2 

2967 

730 

0 

3 

2910.775 

I 

2968 

805 

0 

I 

29 1 1 .  005 

0 

2 

2969  770 

0 

34° 


FRAXK  LAWRENCE  COOPER 
CHROMIUM— CoHZ/MMCff 


Wave-Lescth 

Intensity 

W.we-Lencth 

Intensity 

1 

Spark        !          Arc 

Spark 

.\tc 

2971.230 

0 

3 

3039-883 

0 

I 

2972.040 

10 

2 

3040 . 350 

0 

2975.587 

0 

3 

3040.950 

10 

3 

2976.807 

1 

3041.910 

4 

2979.858 

10 

2 

3042.945 

0 

2980.915 

0 

3 

3044.060 

0 

2984.845 

0 

3044 ■ 385 

0 

2985.485 

10 

I 

3047-790 

0 

0 

2986.106  hr 

I 

2 

3047-915 

0 

2986.579 

I 

3 

3050.270 

10 

0 

2986.929 

0 

3050.830 

0 

2988.159 

I 

3051 .680 

0 

2988.733 

0 

3 

3052-331 

0 

0 

2989 . 263 

10 

1 

3053.826 

0 

2992 .000 

0 

2 

3053-988 

I 

5 

2992.549 

I 

3055.526 

0 

2992.645 

0 

3056.778  6r 

0 

2994.177 

0 

2 

3057  956 

0 

2994.840 

I 

3058.445 

0 

2995.212 

0 

2 

3059 . 640 

I 

0 

2996 . 689 

I 

2 

3061.772 

0 

0 

2998.916 

0 

2 

3063 . 460 

0 

2999.426 

0 

3063.965 

0 

3000.150 

0 

3065 . 201 

0 

I 

3001.103 

0             1              2 

3067.291 

I 

3004.045 

I 

3071.712 

0 

3005.160 

I 

2 

3072.570 

0 

3010-735 

0 

3073-354 

0 

3011.569 

0 

3073-784 

0 

I 

3013.169 

0 

2 

3077  370 

I 

3013.840 

I 

3 

3077-942 

I 

I 

3014.900 

0 

3 

3079.490 

0 

3015.049 

0 

2 

3083.790 

0 

3015.300 

0 

2 

3084.682 

0 

3015 .620 

2 

3085.521 

0 

3017.691 

I 

2 

3088 . 200 

I 

3018.601 

0 

2 

3093.615 

2 

3018.919 

0 

2 

3094.120 

0 

3020.826 

0 

2 

3095.085 

0 

3021 .876 

I 

3 

3095-588 

0 

3024.465 

I 

3 

3096.209 

2 

I 

3026.755 

7 

3098.228 

0 

3028. 180 

2 

3103.560 

I 

3029.261 

0 

2 

3107.658 

2 

3030.356 

I 

2 

3108.749 

I 

3031-454 

0 

I 

3109.439 

0 

I 

3033-034 

I 

3111 .010 

0 

I 

3034 ■ 304 

0 

2 

3112.030 

0 

3034  634 

0 

3113-725 

0 

3035.100 

0 

3115.265 

I 

3037. 160 

0 

2 

3115.730 

I 

3038 . 1 70 

0 

3116.811 

I 

SPARK  SPKCTKA  DI-  CllROMlLM  AM)  CALL  11  M 
CHROMIUM— Co«/i«a«rf 
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Wavk  Leni;th 

Intensity 

Wave-Lencth 

Intensity 

Spark 

Arc 

Spark 

fiK 

3II7-35' 

0 

3190.005 

0 

31 18. 200 

0 

3194-112  br 

0 

3118.764 

10 

3 

3 '94 -785 

0 

3120.481 

15 

3 

3'<)7-225 

15 

3 

3121 .151 

0 

3 198 -153 

0 

0 

3121.312 

0 

3200.025 

0 

3' 2 1. 943 

0 

3200.582 

0 

3122.705 

2 

3201.435 

1 

3125.109 

20 

3 

3202 .700 

0 

3125-579 

0 

1 

3203.646 

0 

3128.81Q 

4 

2 

3205.215 

I 

3130.687 

0 

3208. 106 

0 

3132. i6«> 

20 

4 

3208.707 

I 

0 

3134420 

2 

32o<).297 

10 

I 

3135-420 

2 

3211-421 

0 

0 

3135 -^^ 2 

2 

3211-571 

0 

3136.822 

4 

2 

3212.560 

0 

3137-252 

0 

3212.965 

0 

3137.620 

0 

3216.610 

2 

3138-321 

0 

3217-505 

7 

2 

3140.041 

0 

3219.221 

1 

3140.330 

2 

3219.711 

0 

0 

3142.860 

0 

3219.901 

0 

3143-050 

0 

3225.504 

0 

3145-230 

I 

3229-324 

0 

0 

3145. S80 

I 

1       3229.560 

0 

3147-350 

4 

2 

3230.006 

0 

3148.550 

0 

2 

3231-759 

0 

3149-935 

I 

3234-155 

5 

3150.221 

I 

3237-840 

0 

I 

3152-320 

2 

1 

3238 . 205 

0 

0 

3154.205 

0 

3238.635 

5 

3155-245 

0 

2 

3245.662 

0 

1 

3158-145 

I 

3249.660 

0 

3159.046 

0 

0 

3250.761 

0 

3159-225 

0 

3250.940 

0 

3160.000 

0 

0 

3251.719 

0 

0 

3160.247 

0 

3252.002 

0 

1 

3162.284 

0 

3252.615 

0 

3163-796 

0 

1 

3255.500 

0 

3164.286 

0 

3257.944 

0 

1 

3169.430 

1 

3258.905 

1 

3172.260 

2 

3260. 1 10 

0 

1 

3173.630 

0 

3264.421 

2 

3178.860 

0 

3266.440 

0 

0 

3179.453^'' 

1 

0 

3268.651 

0 

3180.821 

10 

2 

3269.309 

1 

3181.531 

1 

0 

3269.950 

I 

3183.428 

3 

3270-358 

2 

3184.470 

0 

3271 . 260 

0 

3186.880 

0 

3273.058 

0 

3188.145 

0 

0 

1       3274-141 

0 

FRAXK  LAU'REXCE  COOPER 
CHROMIUM— ro«//»HeJ 


Inte 

s;siTY 

Intensity 

Wave-Lenc.th 

Wave-Length 

Spark 

Arc 

Spark 

.\rc 

3276.069 

0 

3352-101 

0 

I 

3278.931 

0 

3353 

251 

2 

0 

3279  675 

0 

3355 

285 

0 

3283-193 

I 

3357 

542 

3 

3286.010 

I 

3358 

649 

10 

2 

3286.460 

0 

3360 

485 

20 

2 

328S.160 

0 

3361 

96  s 

3 

0 

3291.40S 

0 

3363 

872 

1 

3291.905 

2 

3364 

851 

•0 

3295.110 

0 

3367 

593 

I 

0 

3295.623 

4 

0 

3368 

193 

20 

3 

3298.482 

0 

0 

3368 

891 

0 

3298.902 

0 

3369 

202 

I 

3301-384 

0 

3371 

603 

0 

3303-070 

0 

3372 

270 

0 

3304-914 

0 

i   3375 

107 

0 

3307.220 

7 

0 

3376 

42S 

0 

0 

3308.351 

0 

3376 

830 

0 

3310.028 

0 

3377 

472 

0 

3310.865 

3 

3378 

476 

4 

0 

3312. 115 

2 

3379 

514 

2 

0 

3312.380 

2 

3380 

q6i 

4R 

2 

3313-269 

I 

3382 

825 

10 

2 

3314.240 

I 

3385 

403 

0 

0 

3314-775 

2 

3386 

661 

0 

0 

3315-461 

0 

3387 

852 

0 

3316.658 

0 

0 

3388 

865 

0 

0 

3322.869 

0 

3390 

920 

0 

I 

3323-710 

0 

3391 

578 

4 

I 

3324-231 

2 

0 

3393 

160 

4 

0 

3324-491 

3 

3393 

980 

3 

0 

3326.571 

0 

0 

3394 

432 

3 

2 

3328.525 

2 

0 

3395 

731 

2 

3329-186 

0 

0 

3399 

655 

I 

3329  620 

0 

3402 

542 

3 

0 

3333-070 

0 

0 

1   3403 

404 

15 

3 

3335-530 

6 

3405 

407  br 

0 

3336-477 

4 

I 

3408 

911 

20 

3 

3337-087 

0 

3410 

715 

0 

0 

3338.062  br 

0 

341 1 

164 

0 

3339  932 

10 

2 

3412 

350 

0 

3.340.838 

0 

3415 

588 

0 

3342.110 

0 

3410 

435 

0 

3342.717 

10 

2 

3421 

353 

10 

3 

3343-425 

0 

0 

3421 

770 

0 

3344-654 

0 

3422 

892 

20 

3 

3346-154 

0 

I 

3424 

779 

0 

3346 . 860 

I 

I 

3426 

252 

0 

3347  970 

5 

I 

3427 

230 

0 

3349-135 

0 

0 

3427 

745 

0 

3349-519 

I 

0 

3428 

040 

0 

3351-745 

0 

0 

3430.012 

0 

SPARK  SrilTRA   (>/•   (11  ROM  J IM  A.\P  CALCILM 
CllKUMllM— Continued 
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Intensity 

Intensity 

\VAVE-LtNi;TH 

Wave-Lenc.th 

Spark 

Arc 

Spark 

Arc 

3430-565 

0 

3477  320 

0 

0 

343' 

415 

0 

0 

3478.201 

0 

343' 

77b 

0 

3478. 8S9 

0 

0 

3432 

149 

0 

0 

3480.439 

0 

3432 

480 

0 

0 

3481.439 

I 

I 

3433 

453 

4 

I 

348i.6<;5 

I          I 

3433 

715 

I 

3 

3482.745 

I 

3434 

230 

1 

0 

3483. 0;o 

0 

3435 

Sic) 

0 

0 

3484  .  2S(, 

2          0 

3435 

q()2 

0 

0 

1     3486.536 

0          0 

3436 

332 

I 

2 

3488.378 

0     1     0 

3436 

878 

0 

3494  677 

0 

3438 

570 

0 

3493.108 

0 

° 

3441 

241 

0 

0 

3495 • 530 

2     j     0 

3441 

58S 

I 

2 

3495-679 

I     I 

3443 

939 

0 

3502-445 

0     j     0 

3444 

501 

0 

1   3503  -  508 

0     1 

3445 

741 

I 

2 

3308.236 

0 

3447 

149 

0 

0 

3310.686 

0     1     0 

3447 

567 

0 

I 

3312.000 

3 

3447 

901 

0 

0 

3313-217 

0 

3449 

400 

0 

1   3518.737 

3450 

999 

0 

3322.262 

0 

3453 

469 

I 

2 

3523-14 

0 

3453 

879 

0 

0 

3527-201 

0 

0 

3455 

108 

2 

0 

'       3513-572 

0 

3455 

336 

0 

1   3532.980 

0 

3455 

738 

I 

I 

3336.613  fcr 

0 

3457 

78 

4 

3539-078 

0 

3458 

249 

I 

0 

;   3547-180 

0 

3459 

428 

2 

3348. 86  br 

0 

3460 

568 

0 

0 

3550-431 

1 

I 

3461 

441 

0 

3552.76 

I 

3462 

869 

0 

3554-072 

0 

3462 

720 

0 

3336.218 

0  » 

3464 

151 

0 

3338.73  hr 

I 

2 

3464 

978 

0 

0 

3330.901 

0 

0 

3465 

390 

0 

0 

3562.418 

0 

3463 

685 

0 

0 

3562.56 

0 

3466 

40 

0 

3567.050 

0 

3467 

132 

0 

0 

3564  410 

0 

3467 

845 

0 

0 

3564  838 

0 

3468 

885 

0 

0 

3566.454  tr 

I  - 

3 

3469 

736 

0 

0 

3369 . 238 

0 

3470 

585 

0 

0 

1   3372.800 

0 

I 

3471 

650 

0 

0 

3373-780 

0 

I 

3472 

216 

2 

3574-944 

0 

I 

3472 

948 

0 

0 

3575-106 

2 

I 

3473 

036 

0 

0 

3578.832 

20  r 

30  r 

3473 

760" 

0 

0 

3582 . 766 

0 

0 

3474 

525 

0 

0 

3584.46  br 

I          0 

3475  270 

2 

0 

3585.421 

3 

344 


FRAXK  LAWREXCE  COOPER 
CHROMIUM— CoHtiHued 


\Va\  e-Lencth 

Intensity 

1 

Intensity 

Spark 

Arc 

Wave-Length 

Spark 

Mc 

3585  637 

2 

3686.926 

I 

I 

3593-636 

20  r 

30  r 

3687 

454 

2 

I 

3594.500 

0 

3687 

690 

2 

I 

3599-535 

0 

0 

3688 

572 

I 

0 

3601 .806 

2 

2 

3689 

414 

0 

0 

3602 . 708 

0 

0 

3689 

667 

0 

3603.919 

10 

I 

1   3693 

128 

0 

3605.479 

20 

30  r 

3696 

807 

2 

3608.547 

0 

0 

3698 

044 

9 

3609.650 

0 

I 

37" 

496 

I 

3610.218 

0 

I 

3713 

946 

15 

I 

3612.789 

0 

0 

3715 

164 

8 

I 

361^. 109 

2 

0 

3715 

436 

8 

3613.828 

0 

0 

3716 

481 

I 

I 

3615-795 

0 

I 

3723 

373  w 

3 

3617-450 

0 

I 

3727 

332  n 

5 

3619-599 

0 

3730 

314 

2 

2 

3621.649 

0 

3732 

064 

3 

2 

3626.449 

0 

3737 

590 

3 

3631-758 

9'- 

3738 

435  n 

7 

8 

3632.979 

I 

2 

3743 

035 

2 

2 

3634 -997 

0 

3743 

575 

5 

2 

3634.996 

0 

3743 

952 

9 

4 

3636.728 

2 

3 

3744 

525 

2 

3639-943 

4 

4 

3747 

326 

2 

3641-597 

0 

I 

3748 

706  br 

4 

2 

3641.970 

2 

2 

3749 

039 

10 

4 

3643  -  305 

0 

3750 

524  br 

3 

3644.802 

0 

3754 

652  n 

8 

3646 . 0000 

0 

0 

3757 

238 

I 

I 

3647.485 

0 

3757 

739 

6 

4 

3648.669 

0 

I 

37.58 

107 

3 

2 

3649.137 

2 

2 

3761 

748  w 

2 

3649.920 

0 

3716 

956  n 

2 

3650.490 

2 

0 

3767 

487 

I 

I 

3651-792 

0 

3768 

296 

6 

5 

3654.052 

I 

2 

3768 

799 

3 

2 

3656.404 

I 

2 

3778 

600 

2 

3658.316 

0 

3783 

752 

0 

3662.978 

0 

I 

3788 

917 

I 

3663 . 346 

I 

3789 

784 

I 

I 

3664.755 

I 

3790 

317 

I 

I 

3666.  no 

0 

0 

3790 

514 

2 

I 

3666.781 

0 

I 

3791 

448 

4 

2 

3668.155 

0 

0 

3792 

206 

4 

2 

3676.457 

0 

0 

3793 

346 

4 

2 

3677-815 

I 

0 

3793 

032 

4 

2 

3677-965 

sR 

0 

3794 

66q 

3 

I 

3679.170 

0 

0 

3797 

198 

4 

2 

3681.838 

0 

0 

3797 

757 

6 

2 

3684.370 

I 

3801 

2^1  ?i 

2 

3685.665 

0 

I 

3804.878 

10 

6 
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Wave-Length 

Intensity 

Wave-Lenctu 

Intensity 

Spark 

Arc 

Spark 

Arc 

3806 . SqS 

4 

2 

3894.022 

10 

2 

3807.983 

4 

I 

3897 

657 

9 

0 

3809.556 

2 

3902 

107 

0 

0 

3812.321 

4 

2 

3902 

947 

2 

2 

3814.072  n 

4 

3903 

188 

0 

I 

3814.6^0 

4 

3 

3905 

668 

0 

3815.:;  00 

5 

2 

3907 

358 

0 

381O.232 

4 

3907 

787 

0 

0 

3817.914 

2 

2 

3908 

765 

0 

4 

3818.52c) 

4 

I 

39" 

392 

0 

3819.645 

6 

I 

3914 

417  br  n 

0 

0 

3820.520 

4 

3 

3915 

469 

0 

I 

3821 .581 

0 

3916 

040 

0 

I 

3823.644 

0 

lor 

3916 

268 

0 

2 

3825.402 

0 

3917 

180 

0 

0 

3826.412 

I 

I 

3917 

589 

8 

0 

3830.052 

4 

I 

3919 

167 

3 

7 

3S31.162 

4 

2 

3919 

968 

4 

0 

3834  772 

3 

3921 

046  hr  n 

0 

4 

3836.102 

6 

I 

3926 

637 

I 

0 

3841 .282  n 

I 

2 

3928 

215 

0 

4 

3849.012 

I 

I 

3928 

641 

I 

3849.462 

0 

I 

3936 

128 

I 

3849.631 

I 

I 

3937 

608 

5 

3849.982 

I 

3938 

397 

I 

3852.202 

10 

2 

3941 

188 

0 

3852.604  n 

I 

3941 

495 

0 

3 

3853.222 

2 

I 

3943 

518 

I 

3854.262 

I 

I 

3945 

108 

I 

3854.862  « 

2 

3945 

491 

I 

0 

3^55- 3^5 

2 

0 

3945 

959 

12 

0 

3855  612 

3 

3948 

858 

3 

0 

3856.229  n 

I 

0 

3949 

66  br  n 

I 

0 

3857.659 

I 

I 

3951 

077 

0 

0 

3862.583 

8 

3951 

775 

0 

0 

3865.662 

I 

3952 

407 

10 

0 

3866.575 

I 

3953 

i8i 

4 

0 

3868 . 299 

8 

3958 

078  br  n 

I 

3870.291 

0 

3960 

760 

I 

0 

3871.462 

I 

3963 

10 

10 

3872.607 

I 

3969 

145  R  V 

30 

5 

3874.588 

I 

3971 

261 

I 

I 

3875-257 

8 

15 '' 

3972 

689 

I 

0 

3789.186 

I 

I 

3976 

698 

4 

5 

3881.318  « 

9 

3978 

668 

0 

I 

3881. 811 

0 

3979 

519  w 

3 

0 

3883.327 

0 

3979 

795 

0 

0 

3883-635 

I 

3981 

235 

7 

I 

3885.221 

10 

3 

3983 

278 

10 

0 

3886.799 

I 

3R 

3983 

33^ 

4 

4 

3890.867 

I 

3984 

145 

I 

2 

3891.927 

4 

0 

3989.988 

I 

2 
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\Va\e-Length 

Intensity 

W.^ve-Length 

Intensity 

Spark 

Arc 

Spark 

Arc 

3991.192 

0 

4 

4098 . 484 

4 

3991.699 

0 

2 

4099.122 

2 

0 

3992.830 

I 

2 

4099.450 

I 

3993-851 

0 

I 

4099.861 

I 

3998.899 

0 

4101 . 162 

2 

3999.677 

2 

0 

4104.862 

4 

4001.454 

3 

I 

4106.423 

2 

4002 . 540 

4 

4109.587 

4 

0 

4003-339 

4 

4111 .010  br 

8 

4012.490 

0 

0 

4113-259 

2 

4014.689  br  n 

4 

0 

4120.640  br 

3 

0 

4016.084 

0 

4123.327 

4 

4018.269 

I 

0 

4121.813 

I 

0 

4022.250 

2 

I 

4122  .156 

3 

0 

4025 .025 

0 

0 

4123.400 

6 

0 

4025.368 

0 

1 

4125.450 

2 

4026.184 

3 

I 

4126.521 

8 

0 

4027.096 

3 

I 

4126.918 

2 

2 

4029.537 

2 

4127.058 

2 

0 

4031.467 

2 

0 

4127.274 

4 

0 

4033  - 199 

I 

0 

j       4127.588 

4 

0 

4037  307 

1 

0 

4128.506 

4 

0 

4038.058 

I 

4131-355 

6 

0 

4039.102 

I 

2 

4132-398 

I 

4042.601 

0 

0 

4134.038 

0 

4043.813 

I 

0 

4142.178 

4 

4048 . 767 

4 

2 

4142.477 

I 

4049 . 2      n 

I 

4145.798 

10 

4040 . 766 

I 

0 

4149.482 

2 

4051-315 

I 

0 

4151 .118  n 

3 

4052 .462 

2 

4152.755 

4 

0 

4054-377 

0 

4163.070 

2 

0 

4056.077 

0 

0 

4153-719 

5 

2 

4056.812 

0 

0 

4161 .419 

7 

I 

4058.774 

2 

2 

4163.666 

7 

r 

4060.615  n 

I 

0 

4165.524 

7 

I 

4064 . 738 

0 

4169.857 

4 

0 

4065.720 

I 

I 

4170.220 

3 

0 

4067.530 

0 

I 

4171-702 

2 

I 

4068.403 

3 

4172.678 

4 

4070.963 

3 

4174.821 

4 

2 

4074.908  n 

2 

0 

4175-344 

3 

0 

4076.054 

3 

I 

4175-958 

3 

0 

4077.077 

2 

0 

4177-838 

2 

4080.413 

0 

4179.256 

7 

2 

4081.723 

0 

4179.418 

2 

4082 .  304  br 

3 

4184.909 

I 

I 

4084.153 

I 

4186.347 

2 

0 

4086.033 

2 

4190.038 

I 

I 

4090.327 

3 

4191 .284 

3 

2 

4092 .206 

I 

4191 .781 

3 

4093  073 

I 

4192 .022 

5 

0 
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CHROMIIM—C  OK// ««<•</ 


Intensity 

Intensity 

Wavk-Lenoth 

Wave-Le.ngth 

Spark 

Arc 

Spark 

Arc 

4103.687 

2 

I 

4284  687 

I 

1 

4194.857 

I 

4284.866 

2 

1 

4195-331  '"■ 

2 

2 

4288.456 

1 

1 

4197.241 

3 

2 

4289.731  i?  V 

30 

30  i? 

4198.421 

3 

2 

4291.984 

2 

2 

4200. 1 12 

2 

2 

4293.560 

2 

2 

4203.581 

2 

•    2             1 

4295.960 

4 

3 

4204.209 

I 

I 

4297.048 

3 

2 

4204.472 

3 

2 

4297-754 

3 

3 

42o6.i)o<j 

3 

I 

4299.756 

2 

2 

420S . 304 

2 

I 

4299.966 

I 

I 

4200.371 

3 

2 

4300.516 

2 

2 

4209.714 

2 

2 

4301.171 

2 

I 

421 1 .360 

2 

2 

4302.791 

1 

4212. 649 

2        ' 

2 

4305.461 

2 

2 

4213.170 

2       ! 

4306.952  br 

3 

1 

4216.366 

2       ' 

2 

4312.471 

I 

1 

4217.567 

0 

2 

4317-971 

0 

I 

4221.584 

3 

2 

4318.602 

0 

4322.737 

2 

2 

4319.640  br 

3 

2 

4224.530 

2 

0 

4320.681 

1 

I 

4224.857 

2 

4321.312 

I 

I 

4230.407 

1 

4321 .681 

I 

I 

4232.237 

I 

4323   572 

2 

2 

4233-217 

2 

4325-132 

5 

3 

4234 -477 

I 

4337-563 

11 

10 

4238.954 

2 

I 

4338-408 

2 

I 

4240.719 

2 

I 

4338.808 

2 

1 

4042.357 

6 

4339-448 

8 

5 

424S.347 

I 

4339-713 

7 

4 

4248.727 

2                     ! 

4340 . 1 28 

3 

2 

4252.297 

I 

4341.091  br 

2 

1 

4252.657  n 

4 

4343  -  203 

1 

2 

4254.352  R  V 

30 

50;- 

4344-501 

10 

10 

4255.506 

2 

4345.121 

0  r 

1 

4256.157  br  n 

I 

4346.818 

2 

3 

4261.343 

3 

- 

4351-047 

6 

8 

4261 .526 

2 

4351-761 

10 

15 

4262.134 

6 

4353  861 

2 

I 

4262.345 

2 

4356.761 

2 

I 

4263.137 

6 

4357-532 

2 

I 

4268.347 

I 

4359-515 

6 

8 

4268.487 

I 

4363.098 

4 

3 

4269.297  n 

2 

4368.231 

2 

I 

426Q.966 

2 

I 

4369.861 

0 

4271 .086 

2 

2 

4371-273 

10 

10 

4273-987 

2 

2 

4373.246 

2 

3 

4274.805  J?  r 

30           ' 

50  i? 

4373-641 

2 

1 

4275-547 

10           ! 

!       4374.162 

6 

3 

4276.076 

I 

I 

4375-324 

3 

3 

42S0.403 

3 

3 

4376.773 

3 

2 

4283.017  br 

3 

4377  546 

3 

2 

348 


FRAXK  LAWRENCE  COOPER 
CBROMIVM—Coutinued 


Intensity 

Wave-Length 

Intensity 

Wave-Lexgth 

Spark 

Arc 

Spark 

Arc 

4378  336 

I 

4511.911 

2 

3 

4379 

776 

2 

I 

4514-510 

0 

2 

4381 

no 

2 

2 

4515-338 

0 

I 

4384 

9S0 

IC 

8 

4S2I .IS2 

0 

1 

4387 

494 

2 

3 

4524.848 

0 

I 

4391 

760 

2 

3 

4526.115 

0 

I 

4395 

426 

0 

I 

4526.480 

6 

8 

4397 

236 

2 

2 

4527.462 

2 

4 

4399 

871 

I 

2 

4529.852 

0 

2 

4403 

368 

2 

4530-698 

I 

4403 

497 

3 

3 

4530 -742 

6 

8 

4410 

299 

2 

2 

4532-782 

0 

I 

441 1 

076 

2 

2 

4535-142 

0 

2 

4412 

2^1 

2 

2 

4535-711 

5 

6 

4413 

837 

3 

2 

4539-778 

0 

3 

4422 

286 

2 

2 

4540.476 

0 

3 

4423 

266 

2 

I 

4540.712 

2 

3 

4424 

293 

3 

3 

4541.068 

I 

2 

4425 

156 

2 

4541.522 

2 

I 

442S 

557 

2 

4542-517 

0 

2 

4429 

966 

2 

4543-732 

0 

I 

4430 

486 

2 

4544.610 

2 

4 

4432 

166 

3 

4545-339 

0 

2 

4433 

875 

I 

4545-961 

4 

8 

4442 

266 

2 

4553-962  n 

2 

4443 

706 

2 

4554-972 

0 

4458 

426 

5 

4556  138 

0 

3 

"  4459 

351 

2 

4558.659  V 

20 

I 

4462 

776 

2 

4563.670 

0 

I 

4464 

756 

2 

4564.160 

I 

4464 

806 

2 

4565 .518 

4465 

345 

3 

4565-778 

4 

4466 

156 

I 

4569.618 

3 

4467 

557 

2 

4571-679 

4 

4473 

746 

I 

4575.110 

2 

4475 

306 

I 

2 

4578.210 

I 

4480 

306 

2  r 

I 

4580.058 

8 

4481 

456 

I 

4584.100 

I 

4482 

885 

2 

2 

4585.13 

I 

4488 

044 

3 

2 

4586.220 

I 

4489 

466 

3 

2 

4588 . 240  R 

15 

I 

4491 

659 

I 

4591 .400 

8 

4491 

842 

2 

I 

4592 .060  H 

4492 

311 

4 

I 

4592-631 

4495 

298 

2 

I 

4595 . 580 

2 

4496 

871 

10 

10 

4598  -  430 

I 

4498 

745 

0 

2 

4500. 109 

2 

4500 

299 

I 

3 

4600.762 

4 

6 

4501 

112 

I 

2 

4601 .037 

I 

2 

4501 

788 

0 

I 

4601 .500  n 

2 

4506 

868 

0 

2 

4607 .171  n  br 

2 

4510 

048 

I 

I 

4613-365 

4 

4 
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CinHJMllM—Conlinued 


Wave-Lencth 

Intensity 

Intei 

•JSITY 

.Wave-Lencth 

Spark 

Arc 

Spark 

Arc 

4613.921 

2 

2 

4729.695 

0 

0 

4616.126 

5 

4 

4730.728 

2 

2 

4616.531 

I 

4737-371 

2 

2 

4618.841 

6 

4745  331 

0 

4619.532 

0 

I 

4752.101 

2 

I 

4621.886 

I 

I 

4756- 131 

4 

4 

4621 .949 

I 

2 

4764.299 

I 

I 

4622.448 

2  r 

2  r 

4766.647 

0 

0 

4625.917 

0 

I 

4767.869 

0 

0 

4626. 179 

5 

4 

4789.348 

3 

3 

4628.458  br  n 

5 

4790.342 

I 

I 

4632.141 

6 

4792.522 

3 

2 

4633  093 

6 

4796.193 

3 

2 

4637  173 

I 

I 

4801 .043  n 

0 

4637 ■ 759 

I 

I 

4803.430 

0 

4639.500 

0 

I 

4807.545 

0 

4641 .842 

3 

4812 .380 

0 

4643  142 

3 

4816.280 

0 

4646. 169 

6 

4 

4824.140 

6 

4646 . 498 

2 

I 

4820.371 

2 

2 

4646 . 784 

0 

0 

4836.864 

0 

4648 . 1 19 

I 

I 

4849.665 

4 

4649  853 

0 

I 

4861.849 

I 

I 

4649.435  *'' 

3 

2  r 

4864.250 

3 

4651.283 

4 

4 

4870.816 

3 

2 

4652.165 

0 

0 

4876.340 

3 

4654.122 

6 

4 

4879.800 

0 

4654 ■ 734 

0 

0 

4884 . 640 

0 

0 

4656. I 89 

0 

I 

4885.875 

I 

I 

4661 .752  n 

0 

4885.952 

0 

0 

4663.314 

0 

I 

4887 . 203 

3 

2 

4663.830 

I 

2 

4888.528 

0 

0 

4664 . 796 

2 

3 

4901-532 

0 

0 

4665.907 

I  r 

2  r 

4903 . 262 

0 

0 

4666.218 

0 

I 

4906.774 

3 

2 

4666.486 

2 

3 

4922 .281 

0 

0 

4669 . 335 

I 

I 

4936 -347 

I 

2 

4676.281 

0 

0 

4942.495 

0 

I 

4680.489  n 

0 

1  r 

4954-828 

I 

I 

4689.371 

2 

2 

4995  -  787  « 

0 

4693  056 

I 

I 

5001 .387  br 

4 

4695 .162 

0 

0 

5004.384  br 

4 

4697.061 

I 

I 

5007  .307  br  n 

I 

4698.529 

4 

4 

5010.052 

0 

0 

4699 . 640 

0 

5013.291 

I 

0 

4700.526 

I 

I 

5021 .920 

I 

0 

4705.451  n 

0 

5051 .906 

0 

4707.896 

3 

4 

5065 .900 

0 

4708.027 

4 

4 

5067.696 

0 

4723.125 

0 

I 

5068.307 

0 

4724413 

0 

I 

5072.936 

0 

4727.168 

0 

I 

5090.974 

0 

oo^ 


FRAXK  LAWREXCE  COOPER 
CKROMIVM— Continued 


Intensity 

Wave- Length 

Intensity 

Wave-Length 

Spark 

Arc 

Spark 

Arc 

5110.782 

0 

5275    172 

0 

0 

5113 

142 

0 

5275  -758 

2 

5122 

^33 

0 

5276.069 

0 

0 

5123 

475 

0 

5296.711 

4 

I 

5139 

6^1 

I 

0 

5298.294 

6 

I 

5144 

664 

0 

0 

5300.768 

0 

0 

5166 

271 

I 

I 

5328.144  n 

3 

0 

5184 

576 

0 

5345-816 

6 

I 

5191 

993 

I 

5348.336 

5 

I 

5193 

507 

0 

5400 . 624 

0 

0 

5196 

451 

2 

5409 . 793 

5 

I  r 

5200 

193 

0 

5664.004  n 

0 

5204 

518 

6 

6r 

5787.927 

I 

0 

5206 

053 

6 

6r 

5790.960 

2 

I 

5208 

434 

6 

6r 

6135-770 

I 

T 

5225 

032 

I 

0 

6-2^0.107 

0 

I 

5237 

33^ 

0 

0 

6362.881 

I 

2 

5247 

675 

2 

0 

6597.788 

0 

I 

5255 

^33 

0 

6630.051 

0 

0 

5264 

167 

5 

I 

6661 .010 

0 

0 

5265 

725 

I 

0 

II.     MEASUREMENTS  OF  ARC  SPECTRA 

INTRODUCTION 

Measurements  of  the  arc  spectra  of  cerium  and  thorium  have  been 
made  by  Watts  and  by  Hagenbach  and  Konen,  but  only  over  a 
hmited  range  of  the  spectrum.  Owing  to  the  purity  of  some  salts 
of  these  metals  which  were  prepared  by  Dr.  A.  C.  Neish  of  Columbia 
University  and  described  by  him  in  a  paper  entitled  "  A  New  Sepa- 
ration of  Thorium  from  Cerium,  Lanthanum  and  Didymium  by 
Metanitrobenzoic  Acid,"  it  was  thought  advisable  to  measure  the 
wave  lengths  over  a  more  extended  region  of  the  spectrum. 


APPARATUS 

The  same  grating  was  used  as  that  employed  for  the  spark  spectra. 
The  dividing  engine,  to  which  reference  has  been  made  before,  was 
constructed  by  Professor  Rowland  and  was  used  in  his  work  on  the 
solar  spectrum.  For  plates  taken  in  the  second  spectrum  of  a  21-foot 
grating,  the  scale  reads  approximately  to  Angstrom  units. 
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The  plates  used  were  the  same  as  those  used  in  the  work  on  spark 
spectra. 

CORRECTIONS 

In  order  to  ehminate  all  lines  due  to  impurities,  the  spectrum  of 
the  carbon  arc  was  taken  on  each  \Aa.ic  for  comjiarison.  They  were 
also  compared  with  the  spectra  of  all  elements  likely  to  be  associated 
with  the  substance  under  examination.  This  com])arison  was  made 
by  direct  superposition  of  the  ])lates.  The  lines,  like  those  of  spark 
spectra,  were  referred  to  the  iron  lines  as  determined  by  Fabry  and 
Perot,  and  by  Jewell,  respectively.  A  calibration  curve  was  also 
drawn  for  each  plate  as  was  done  in  case  of  the  plates  of  spark 
spectra. 
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FRAXK  LAWREXCE  COOPER 
CERIUM 


Wave-Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

2651 .125 

0 

3145-387 

I 

3233-555 

0 

3304-972 

I 

2652.572 

0 

3146-515 

I 

3234-301 

3 

3.S06-773 

0 

2660.466 

0 

3148-585 

0 

3235-032 

I  r 

3307-365 

0 

2831.047 

0 

3149-510 

0 

3235-801 

0 

3308-165 

I 

2854-755 

0 

3151-265 

0 

3236-859 

2 

3309 . 298 

0 

2854-987 

0 

3154.618 

0 

3242-275 

0 

3311031 

0 

2874.256 

0 

3155.882 

I 

3243-499 

2 

3311.627 

0 

2908.525 

0 

3164-383 

I 

2345-301 

0 

3312.353 

0 

2956.047 

0 

3166.387 

0 

3245-671 

0 

3313-439 

0 

2964.921 

0 

3166.741 

0 

3246.812 

I 

3314-175 

0 

2972.812 

0 

3167-415 

0 

3249-292 

0 

3314-863 

I 

2974-706 

0 

3169-314 

I 

3249-555 

0 

3315-338 

0 

2977-024 

0 

3171-758 

I 

3252.649 

I 

3317-935 

0 

2977-565 

0 

3172-458 

0 

3254-178 

I 

3319.002 

0 

2991-003 

0 

3176-931 

0 

5256.802 

0 

3320.499 

0 

2995 • 763 

0 

3177-258 

0 

3259-013 

0 

3321.087 

0 

3002 . 247 

0 

3178.887 

0 

3259-965 

0 

3323-456 

0 

3002.863 

0 

3181 .005 

0 

3261. I 15 

0 

3325-498 

0 

3003-655 

0 

3183-647 

I 

3263-543 

0 

3326.229 

0 

3008.079 

I 

3184-346 

0 

3264-033 

0 

3327   405 

0 

3037-849 

0 

3186.281 

I 

3265.594 

0 

3327.812 

0 

3052-073 

0 

3187.776 

0 

3270.276 

0 

3328.069 

0 

3055-345 

I 

3188.899 

0 

3271.288 

0 

3329-139 

0 

3056-857 

I 

3189-751 

0 

3271.672 

0 

3330-625 

0 

3063-115 

2 

3190.497 

I 

3272-135 

0 

3331-392 

0 

3068.778 

0 

3194-936 

2 

3272.389 

2 

3331-947 

0 

3069.776 

0 

3196.051 

0 

3272-847 

0 

3332-361 

0 

3071.238 

0 

3199.407 

0 

3275.001 

I 

3332-629 

0 

3071-735 

0 

3201 .243 

0 

3276-351 

0 

3333-197 

0 

3073-025 

0 

3201.836 

2 

3279-135 

0 

3333-815 

0 

3077.470 

0 

3203-045 

0 

3279.981 

I 

3334-045 

0 

3079.752 

0 

3206.071 

0 

3280.647 

0 

3334-429 

0 

3080.049 

0 

3206.603 

0 

3281 .221 

0 

3334-605 

I 

3083 . 789 

0 

3207.025 

0 

3283.491 

0 

3336  498 

0 

3084 . 568 

0 

3207-728 

0 

3283.840 

0 

3336-678 

0 

3090.503 

0 

3211 .081 

0 

3284-356 

0 

3339-659 

0 

3091-431 

0 

3212.628 

0 

3285-349 

I 

3339-947 

0 

3096.641 

0 

3212.707 

0 

3286.163 

0 

3341-049 

0 

3097.041 

0 

3216.809 

0 

3286.501 

0 

3342-043 

I 

3103-501 

I 

3218.499 

I 

3287-537 

0 

3344-005 

I 

3107.578 

0 

3219057 

3 

3288.287 

0 

3344  909 

I 

3109.069 

0 

3221 .042 

2 

3288.885 

0 

3345-551 

0 

3110.403 

0 

3221.327 

2 

3290-503 

0 

3346.648 

0 

3111.318 

0 

3222.547 

0 

3290.729 

0 

3348 . 309 

0 

3127  .612 

0 

3223-532 

0 

3293-751 

0 

3350-105 

0 

3130-441 

0 

3224-057 

0 

3295-078 

0 

333^-3^4 

0 

3130.981 

I 

3225   831 

0 

3295-440 

I 

3351.668 

0 

3132-725 

0 

3226.164 

0 

3296-337 

0 

3352-441 

0 

3133-461 

0 

3227-249 

2 

3297.040 

0 

3353-118 

I 

3136.842 

0 

3229.251 

0 

3298.475 

0 

3353-465 

0 

3137-731 

0 

3229.487 

I 

3300.141 

0 

3354-108 

0 

3142.399 

0 

3231-301 

I 

3300.289 

0 

3354-665 

0 

3144.708 

0 

3232-425 

0 

3303-365 

0 

3355-155 

I 
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Wave-Lcntjth 

Inten- 
sity 

Wavc-Li-ngth 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

Wave  Length 

Inten- 
sity 

3356-549 

I 

3416.703 

0 

3469.152 

0 

35«o-«>5 

0 

3357 

347 

I 

3415 

815 

0 

3469 

543 

0 

3510 

387 

0 

335« 

589 

0 

3416 

985 

0 

3470 

289 

0 

35 'o 

039 

0 

3350 

491 

0 

3317 

543 

I 

3470 

562 

0 

35 1 1 

754 

0 

3359 

602 

0 

3417 

985 

0 

3472 

167 

0 

3518 

725 

0 

3360 

703 

2 

3419 

045 

0 

3474 

372 

0 

3515 

913 

0 

3361 

946 

I 

3420 

312 

0 

3474 

938 

0 

3517 

510 

2 

3364 

185 

0 

3422 

612 

0 

3475 

799 

0 

3518 

156 

0 

3364 

493 

0 

3422 

839 

2   1 

3476 

483 

0 

3518 

540 

0 

3364 

978 

0 

3423 

992 

0  ! 

3476 

985 

I 

3519 

194 

I 

33^5 

997 

0 

3425 

465 

0 

3477 

554 

0 

3519 

853 

0 

3366 

708 

I 

3426 

083 

0 

3478 

III 

0 

3520 

665 

I 

3368 

544 

0 

3426 

342 

2 

3479 

147 

0 

3521 

139 

0 

336S 

872 

0 

3426 

703 

0. 

3479 

752 

0 

3522 

039 

I 

33(>'i 

938 

0 

3428 

843 

0 

3480 

463 

0 

3523 

347 

0 

330Q 

352 

0 

3429 

997 

0  i 

3480 

519 

0 

3524 

178 

0 

3371 

352 

0 

3430 

442 

0 

3481 

165 

0 

3526 

815 

I 

3371 

352 

I 

3431 

002 

0  1 

3481 

329 

0 

3527 

743 

0 

3373 

647 

I 

3431 

649 

0  \ 

3482 

265 

0 

3527 

975 

0 

3373 

910 

I 

3433 

247 

I 

3482 

531 

I 

3528 

168 

0 

3374 

3^5 

0 

3433 

795 

0 

3484 

892 

0 

3528 

759 

0 

3375 

272 

0 

3435 

346 

0  ' 

3483 

197 

2 

3529 

161 

0 

3375 

93Q 

0 

3436 

430 

0 

3486 

978 

0 

3530 

160 

I 

3377 

274 

I 

3437 

455 

0 

3488 

663 

0 

3530 

749 

0 

3370 

321 

0 

3437 

955 

0 

3490 

287 

0 

3531 

059 

0 

3381 

6m8 

0 

3439 

947 

0 

3491 

805 

0 

3531 

749 

0 

3383 

5.8 

0 

3441 

358 

I 

3492 

647 

0 

3532 

750 

0 

3383 

849 

I 

3442 

513 

I 

3493 

230 

0 

3533 

029 

0 

3384 

102 

0 

3443 

079 

0 

3493 

839 

0 

3533 

759 

0 

3385 

493 

0 

3443 

632 

0 

3494 

798 

0 

3534 

202 

2 

3387 

922 

0 

3446 

348 

0 

3495 

157 

0 

3534 

571 

I 

338Q 

802 

0 

3446 

846 

0 

3495 

613 

0 

3535 

708 

0 

3390 

671 

0 

3448 

403 

0 

3496 

075 

0 

3536 

647 

0 

3391 

758 

r 

3451 

7.58 

0 

3496 

478 

0 

3536 

857 

0 

3393 

746 

0 

3453 

385 

0 

3497 

491 

0 

3937 

293 

0 

3394 

071 

0 

3454 

594 

0 

3498 

759 

0 

3537 

597 

0 

3394 

283 

0 

3454 

957 

0 

3496 

635 

0 

3538 

935 

0 

3395 

187 

0 

3456 

835 

0 

3500 

157 

0 

3539 

235 

2 

3395 

187 

0 

3456 

915 

0 

3500 

832 

0 

3540 

963 

0 

3395 

565 

0 

3459 

998 

0 

3501 

604 

I 

3541 

821 

0 

3396 

88  2 

0 

3460 

305 

0 

3501 

729 

I 

3542 

072 

0 

3398 

853 

0 

3461 

513 

0 

3501 

957 

0 

3543 

447 

0 

3399 

"5 

0 

3461 

923 

0 

3502 

803 

0 

3543 

682 

0 

3400 

405 

0 

3463 

360 

0 

3503 

057 

0 

3545 

748 

I 

3403 

749 

0 

3463 

902 

I 

3503 

195 

0 

3543 

978 

I 

3404 

268 

0 

3464 

319 

I 

3506 

399 

0 

3546 

325 

I 

3403 

047 

0 

3464 

989 

0 

3506 

895 

0 

3546 

798 

0 

3405 

951 

0 

3465 

102 

0 

3507 

483 

0 

3547 

146 

I 

3406 

102 

I 

3466 

018 

0 

3508 

108 

I 

3547 

955 

0 

3406 

347 

I   , 

3467 

108 

0 

3508 

615 

0 

3548 

289 

0 

3408 

549 

0 

3467 

925 

0 

3508 

848 

0 

3548 

978 

0 

3412 

450 

0 

3468 

255 

0 

3509 

397 

0 

3551 

603 

0 

3415-751 

0 

3469.071 

0 

3509.888 

I 

3551-833 

I 
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FRAXK  LAWRENCE  COOPER 
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Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

3552 -249 

0 

3619.410 

0 

3667  -  759 

0 

3727.968 

I 

3552 

872 

I 

3619.984 

0 

3667 

964 

2 

3728.421 

2 

3554 

780 

0 

3621.187 

0 

3668 

705 

0 

3729.014 

0 

3555 

949 

0 

3622.194 

I 

3671 

931 

0 

3729.920 

0 

3556 

497 

0 

3622.446 

0 

3672 

161 

0 

3730.359 

0 

3557 

354 

0 

3623.854 

2 

3672 

799 

I 

3731-909 

0 

3558 

865 

0 

3624.176 

0 

3673 

650 

I 

3733  587 

I 

3559 

473 

0 

3625.295 

0 

3674 

091 

0 

3739-732 

0 

3561 

002 

3 

3628.290 

0 

3676 

127 

0 

3740.162 

0 

3561 

704 

0 

3628.638 

0 

3679 

124 

0 

3741-050 

0 

3562 

238 

0 

3629.816 

0 

3679 

411 

0 

3741-421 

0 

3563 

945 

0 

3630.184 

0 

3679 

911 

0 

3741-759 

0 

3566 

204 

0 

3630.450 

0 

3680 

454 

0 

3744-066 

0 

3568 

247 

0 

3631.232 

I 

3680 

141 

0 

3746.387 

I 

3568 

487 

0 

3632.136 

0 

3680 

869 

0 

3748.067 

I 

3569 

448 

0 

3633-414 

0 

3681 

397 

0 

3750.136 

0 

3569 

975 

0 

3636.086 

0 

3682 

100 

0 

3751.066 

I 

3571 

132 

0 

3637 -534 

0 

3687 

810 

0 

3751-509 

2 

3572 

'^48 

0 

3637  764 

0 

3688 

665 

0 

3752.407 

0 

3573 

846 

0 

3638.018 

0 

3689 

174 

0 

3752.466 

0 

3576 

349 

I 

3638.241 

0 

3693 

457 

0 

3752.913 

0 

3577 

579 

2 

3639.486 

0 

3693 

716 

0 

3753-816 

0 

3580 

725 

0 

3640.726 

0 

3694 

918 

I 

3755-473 

I 

3580 

941 

0 

3641.157 

0 

3695 

957 

0 

3755-780 

I 

3583 

775 

0 

3642.618 

0 

3696 

097 

I 

3756.327 

0 

3584 

497 

0 

1     3642.827 

0 

3697 

693 

0 

3757.266 

0 

3586 

927 

0 

3643.464 

0 

3698 

128 

0 

3757-897 

0 

3587 

383 

0 

3644.336 

0 

3698 

368 

0 

3759-190 

0 

3587 

779 

1 

3645  235 

0 

3698 

659 

0 

3759  780 

0 

3588 

270 

0 

3645  451 

0 

3699 

928 

0 

3760.426 

0 

3588 

593 

1 

3646.650 

I 

3702 

818 

0 

3760.735 

0 

3590 

778 

I 

3646.869 

2 

3705 

016 

I 

3763.006 

I 

3593 

329 

0 

3647-531 

0 

3706 

859 

0 

3763-637 

0 

3594 

219 

0 

3647  -  764 

I 

3702 

408 

0 

3764.136 

2 

3596 

257 

0 

3649-703 

0 

3702 

648 

0 

3765  053 

I 

3596 

878 

0 

3650- 137 

0 

3709 

962 

3 

3765.906 

0 

3597 

392 

0 

3650.910 

I 

3710 

7U 

0 

3766.063 

0 

3598 

347 

I 

3652.1 

0 

3713 

995 

0 

3766.533 

0 

3600 

137 

0 

3652.292 

0 

3714 

801 

0 

3768.012 

0 

3600 

742 

2 

3653-111 

I 

3715 

148 

0 

3768.283 

0 

3601 

826 

0 

3653.640 

I 

3715 

469 

0 

3768.777 

I 

3604 

216 

I 

3654.908 

I 

3716 

369 

2 

3769.075 

0 

3606 

167 

0 

3655-823 

2 

3716 

919 

0 

3769.073 

0 

3607 

659 

I 

3659.230 

I 

3717 

498 

0 

3770.816 

I 

3607 

887 

0 

3659.869 

0 

3718 

195 

I 

3771-637 

I 

3609 

735 

2 

3660.037 

0 

3718 

371 

2 

3772.686 

0 

3610 

947 

I 

3660.637 

I 

3722 

119 

0 

3773-256 

0 

3611 

386 

I 

3661.711 

0 

3722 

310 

0 

3773-483 

0 

3611 

759 

0 

3662.859 

0 

3722 

757 

0 

3776.118 

0 

3612 

438 

0 

3663.699 

0 

3723 

657 

0 

3776.630 

I 

3613 

746 

1 

3664 . 707 

0 

3724 

647 

0 

3777-088 

0 

3615 

574 

0 

3665-137 

0 

3725 

676 

I 

3777-665 

0 

3616.241 

0 

3666 . 01 2 

0 

3726.969 

I 

3779-613 

0 
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Wave- Length 

Inten- 
.sity 

Wave- Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

1    Wavc-Lcnglh 

Inten- 
sity 

3781.120 

0 

3834 -754 

0 

3893   782 

0 

3930.810 

0 

3781-643 

2 

3835   732 

0 

3894 

325 

0 

3931 

097 

2 

3782.527 

2 

3836.076 

I 

3895 

144 

2 

1      3931 

390 

I 

3783.026 

0 

3837.182 

0 

3895 

460 

0 

3931 

844 

I 

3783-523 

I 

3838.257 

2 

3896 

832 

2 

3932 

148 

I 

3786.628 

3 

3838.542 

2 

3897 

419 

0 

3932 

98.* 

0 

3787.161 

0 

3843 -739 

0 

3898 

392 

2 

3934 

744 

0 

3787 -.=527 

0 

3848.559 

2 

3898 

692 

0 

3935 

231 

0 

3788.166 

0 

3849.525 

0 

3898 

969 

I 

3935 

907 

0 

3788.467 

0 

3852.110 

0 

3899 

500 

0 

3937 

124 

0 

3788.763 

2 

3852.395 

I 

3900 

198 

0 

I     3937 

614 

0 

3790-857 

0 

'     3853-164 

2  : 

3901 

310 

0 

i     3937 

804 

0 

3791.700 

0 

3854.154 

2 

3901 

644 

0 

3938 

058 

2 

3792-319 

I 

3854.275 

2 

3903 

350 

I 

3939 

521 

0 

3792.502 

0 

3855  263 

2 

3903 

932 

0 

3939 

613 

0 

3793-610 

0 

3856.335 

0 

3904 

199 

0 

I     3940 

224 

2 

3793-851 

0 

3856.629 

0 

3904 

361 

I 

3940 

607 

0 

3794.700 

0 

3856.964 

I 

3904 

601 

0 

3940 

945 

I 

3795.266 

I 

3857-209 

0 

3905 

306 

0 

3942 

163 

4 

3796.170 

0 

3857-591 

I  1 

3906 

952 

I 

3942 

714 

2 

3796.670 

0 

3857.840 

0    ! 

3907 

341 

I 

3943 

III 

0 

3797.020 

0 

3860.392 

0 

3907 

414 

I 

3943 

450 

0 

3799.071 

0 

3860.799 

0 

3908 

106 

0 

3943 

917 

3 

3800 . 237 

I 

3862.428 

I 

3908 

400 

I 

3944 

876 

0 

3801.554 

4 

3866.785 

0    i 

3908 

516 

I 

,     3946 

689 

0 

3802.777 

0 

3868.092 

I 

3909 

024 

0 

3947 

850 

I 

3803.080 

2 

3868.464 

I     ; 

3909 

307 

I 

3949 

377 

2 

3807.674 

0 

3870.863 

0     1 

3909 

759 

0 

3949 

790 

0 

3808.10 

2 

3874  674 

I 

3909 

841 

0 

3950 

^ii 

0 

3809 . 199 

I 

3875-017 

I 

3910 

706 

0 

'     3950 

812 

0 

3809.461 

0 

3876.104 

0     1 

39" 

314 

0 

I     3951 

642 

0 

3810.910 

0 

3876.857 

2 

3912 

206 

0 

1     3952 

205 

0 

3812. 211 

I 

3878.352 

2 

3912 

462 

2 

I     3952 

613 

8 

3814.844 

0 

3881.658 

0 

3914 

004 

0 

3953 

647 

1 

3815-777 

I 

3881.897 

0 

3914 

962 

0 

3954 

960 

2 

3817-425 

I 

3882.454 

I 

3915 

534 

I 

!     3955 

372 

I 

3818.679 

0       ! 

3883.563 

0 

3916 

157 

2 

1     3955 

941 

0 

3819.009 

0 

3883.967 

0 

3916 

668 

0 

3956 

012 

0 

3820.862 

I 

3884.206 

0 

3916 

912 

0 

3956 

235 

3 

3821.252 

I 

3885.220 

0     1 

3917 

255 

I 

3956 

898 

2 

3821. 711 

I 

3885.724 

0     i 

3917 

639 

0 

3957 

180 

0 

3823.905 

I 

3885.978 

0 

3918 

278 

3 

3958 

860 

0 

3824.407 

0 

3887.164 

0 

3919 

812 

2 

3958 

214 

I 

3825-215 

0 

3888.365 

0 

3921 

714 

2 

3958 

870 

2 

3827    155 

0 

3888.984 

0 

3923 

146 

2 

3959 

613 

I 

3829  346 

I 

3889.289 

0 

3924 

664 

I 

3959 

846 

I 

3829.662 

I 

3889.498 

0 

3924 

805 

0 

3960 

412 

0 

3829.98; 

I 

3890.019 

4 

3927 

008 

0 

3960 

941 

2 

3831.678 

I 

3890 .511 

0 

3927 

405 

0 

3962 

102 

0 

3832.258 

0 

3890.760 

0 

3927 

580 

0 

3963 

414 

0  , 

3832.720 

0 

3891.005 

I 

3928 

743 

0 

3964 

217 

0 

3834 • 204 

I 

3891.794 

0 

3929 

130 

0 

3964 

522 

I 

3834-515 

I 

3893.246 

0 

3929-997 

0 

1     3967-174 

2 

156 


FRAXK  LAWRENCE  COOPER 
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Wave- Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

0 

Wave-Length 

Inten- 
sity 

3967 . 266 

I 

4010.186 

0 

4061 .418 

4095.840 

0 

3Q67-3I7 

0 

401 1 .597 

0 

4061 .306 

0 

4098. 160 

0 

3970.074 

0 

4012.195 

0 

4061.245 

I 

4099 . 10 

I 

3970.462 

0 

4012.430 

5 

4062.957 

2 

4099 . 769 

0 

3970.662 

0 

4014.020 

2 

4063.959 

0 

4100.918 

I 

3971.784 

I 

4015.878 

0 

4064.818 

0 

4101 .787 

2 

3972.108 

I 

4018.609 

0 

4065 . 1 76 

0 

4102.300 

0 

3973   188 

0 

4019.059 

0 

4066 . 548 

0 

4104.459 

0 

3074.000 

0 

4019.297 

0 

4066.918 

0 

4105 .518 

I 

3974 -a-,? 

0 

4019.485 

0 

4067 . 209 

I 

4106.159 

0 

3975.098 

0 

4019.907 

0 

4068.487 

I 

4106.958 

2 

3976.738 

0 

4020.558 

0 

4068.858 

2 

4107.406 

3 

3977  529 

0 

4022.299 

2 

4070.127 

0 

4107.819 

0 

3977-797 

0 

4023.396 

0 

4070.866 

0 

4108.257 

0 

3978.668 

2 

4024.508 

3 

4071 . 128 

0 

4108.748 

0 

3979-959 

0 

4025.155 

I 

4072.956 

I 

4109 .566 

0 

3980.938 

I 

4025.909 

0 

4073.509 

2 

4110.400 

3 

3981.917 

0 

4027.057 

0 

4073-859 

I 

4110.879 

I 

3982.218 

0 

4027.676 

0 

4074.667 

0 

4111.417 

2 

3982.929 

2 

4028 . 700 

3 

4075.728 

2 

4111 .960 

I 

3983.109 

I 

4029 . 298 

0 

4075 .908 

3 

4113-749 

I 

3984.677 

2 

4029.758 

0 

4076.286 

I 

4114.157 

0 

3986.158 

0 

4030.227 

0 

4076.879 

0 

4114.928 

I 

3986.417 

0 

4030 . 396 

2 

4077-465 

1 

4115.270 

2 

3989 -447 

I 

4031.339 

3 

4078.337 

I 

4117.000 

I 

3990.128 

I 

4033.809 

0 

4078.557 

3 

4117.299 

I 

3990.459 

0 

4037.387 

0 

4079.038 

0 

4117.588 

I 

3990.718 

0 

4037.696 

I 

4079.319 

0 

4118.156 

3 

3991-238 

0 

4038 . 258 

I 

4079 . 705 

I 

4119.019 

I 

3992.157 

0 

4039 . 898 

0 

4080.456 

2 

4119.847 

7 

3992.297 

3 

4040.777 

5 

4080.560 

2 

4120.858 

2 

3992.906 

I 

4041 .280 

0 

4081 .258 

3 

41 2  I  .608 

0 

3993.188 

0 

4042 . 146 

0 

4083 . 260 

2 

4123.256 

I 

3993-957     . 

2 

4042.588 

4 

4083.535 

0 

4123.523 

I 

3994.605 

0 

4043 . 459 

0 

4083.659 

0 

4123.886 

3 

3995-450 

0 

4045.229 

2 

4085 .270 

2 

4124.840 

2 

3996.488 

0 

4046 . 246 

3 

4086.418 

I 

4125.458 

0 

3997.485 

0 

4047-317 

I 

4087.359 

I 

4125.787 

0 

3997-747 

0 

4048.358 

0 

4087.590 

0 

4126.656 

0 

3099-278 

5 

4049.018 

0 

4088 . 589 

0 

4127 .380 

3 

4000 . 749 

0 

4049 . 806 

0 

4088.876 

I 

4127.816 

I 

4001 .087 

0 

4050.359 

0 

4088.967 

oR 

4128.108 

I 

4001 .575 

2 

4051 .419 

2 

4o8q . 788 

0 

4128. 2S7 

2 

4001 .776 

I 

405  2 . 008 

I 

4089 . 846 

0 

4129. 160 

I 

4002 .858 

0 

4053-516 

2 

4090.520 

I 

4130-739 

2 

4002 .987 

0 

4055.048 

2R 

4090.968 

I 

413I.I20 

2 

4003. 198 

0 

4055 .818 

0 

4091 .879 

0 

4132-358 

0 

4003 . 789 

3 

4056.907 

0 

4092. 120 

0 

4132.556 

0 

4004 . 606 

0 

4058.258 

0 

4oc)2 .  749 

0 

4133-840 

7 

.  4005.655 

2 

4058.759 

0 

4093-327 

0 

4135-147 

2 

4007 . 598 

I 

4060.216 

0 

4094 . 000 

I 

4135-996 

0 

4008.677 

0 

4060 . 499 

0 

4095-165 

0 

4136.907 

I 

4009.096 

0 

1 

4060.737 

0 

4095.467 

0 

4137-489 

2 
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357 


Wave- Length 

Inten-> 

siiy 

Wave- Length 

Inten- 
sity 

Waw- Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

4137.668 

3 

4202.833 

4 

4288.646 

I 

4386.366 

0 

4138.107 

I 

4203.491 

0 

4289 

915 

3 

4386.776 

5 

4138-370 

I 

4204  -  730 

0 

4292 

615 

I 

4388.000 

I 

4I3Q-45P 

0 

4205    1 19 

0 

4292 

796 

0 

4390 . 286 

0 

4»30  *'36 

0 

4205.830 

I 

4294 

797 

1 

4391.666 

3 

4140.318 

0 

4209.369 

I 

4296 

075 

I 

4393-197 

0 

4140.707 

I 

4209.971 

0 

4296 

S66 

0 

4394  -  78<) 

0 

4142  430 

2 

4213.040 

0 

4296 

•726 

7 

4396  598 

0 

4142.846 

I 

4214.028 

2 

4299 

364 

2 

4398-786 

0 

4144  5^0 

2 

4215-499 

0 

4300 

345 

3 

4390  -  228 

2 

4145.018 

3 

4217.560 

2 

4304 

296 

0     j 

4400.536 

0 

4146.250 

3 

4221.188 

0 

4304 

746 

0 

4400.867 

0 

4148. I 6q 

0 

4222.618 

4 

4305 

«47 

I     i 

4405.487 

0 

4148. Q07 

0 

4223.870 

0 

4306 

738 

3 

4407 . 286 

0 

4140.056 

10 

4224.529 

0 

4309 

736 

2     \ 

4408.849 

1 

4150.076 

2 

4227.730 

2 

43'0 

748 

0     1 

4410.678 

2 

4152.076 

3 

4228.260 

0 

43" 

647 

0 

4412.036 

0 

4153   165 

I 

4231.729 

I 

4315 

395 

I 

4413-197 

0 

4154  4.=; 7 

I 

4232.020 

I 

4317 

316 

0 

4413.807 

0 

4155.266 

0 

4232   558 

0 

4320 

736 

2 

4416-886 

1 

4 '  5  5  •  5  .^  3 

I 

4233.182 

0         ! 

4324 

817 

0 

4418.758 

3 

4150-  048 

2 

4234-171 

I 

4326 

837 

0 

4419.286 

0 

4 I 60 . I 66 

I 

4234-682 

0 

4330 

405 

I 

4423-437 

0 

4161 . 187 

I 

4239.881 

4 

4331 

786 

0 

,     4423.662 

0 

4162.671 

0 

4241.092 

0 

4332 

700 

I 

t     4427.081 

2 

4163.548 

I 

4243.694 

2 

4334 

871 

0 

4427-931 

2 

4165.220 

3 

4243   626 

0 

4336 

342 

2 

4428.433 

2 

4166.677 

I 

4245-917 

4 

4337 

792 

3 

4429.262 

3 

4166.006 

2 

4246.375 

0     1 

4339 

336 

2 

4429.001 

0 

4167.802 

I 

4246.687 

2      1 

4340 

577 

0 

4437   517 

0 

4160-816 

4 

4248.647 

3     ' 

4342 

188 

0 

4439   237 

0 

4172.145 

0 

4251.866 

I 

4342 

487 

0 

'     4440.886 

0 

4174.287 

0 

4253-345 

2 

4343 

597 

0 

4443 • 748 

0 

4175-245 

0 

4255 -754 

2 

4345 

936 

2 

4444-357 

2 

4176.056 

0 

4256:146 

I 

4346 

436 

0 

4444.718 

2 

4176.715 

I 

4257.106 

0 

4349 

788 

3 

4440  326 

3 

4179-207 

I 

4259  -  737 

0 

4352 

637 

2 

4450-757 

2 

4181 .116 

I 

4261.154 

0 

4353 

408 

I 

4455 .666 

0 

4185.345 

2 

4263.415 

I 

4359 

086 

0 

4457-812 

0 

4186.^78 

10 

4264.386 

0 

4360 

186 

0 

4460.231 

7 

4187.287 

2 

4267 .206 

I 

4360 

478 

0 

4461.143 

2 

4180.166 

0 

4268.297 

0 

4361 

677 

0 

4463.422 

2 

4i8g.6o7 

I 

4269.248 

0 

4364 

666 

3 

4464  60 1 

0 

4190-635 

I 

4270.186 

2 

4366 

908 

0 

4467.547 

I 

4193  084 

3 

4270-735 

2 

4367 

577 

0 

4471 .242 

5 

4193-256 

2 

4271.756 

I 

4368 

236 

0 

4472.710 

I 

4193-855 

I 

4273.446 

0 

4369 

249 

0 

4474-740 

I 

4194-897 

I 

4275-517 

2 

4372 

428 

0 

4479 • 359 

3 

4196  .-216 

2 

4278.856 

I 

4373 

836 

2 

4483.908 

3 

4197.616 

3 

4280.145 

0 

4375 

936 

2 

4484-830 

0 

4197  974 

I 

4281 .017 

I 

4380 

.087 

0 

4485.530 

0 

4198.643 

10 

4281.137 

0 

4381 

-799 

0 

4486.909 

4 

4201 .242 

2 

4285.468 

I 

4382.157 

3 

4494-247 

0 

35^ 


FRAXK  LAWRENCE  COOPER 
CERIUM— Continued 


Wave- Length 


4405  398 
4496.247 
4497-859 
4500.368 
4506.448 
4508. 109 
4509.198 
4511 .660 
4515.870 
4518.029 
4519.598 


Intoi- 
sity 


Wave-Length 


4523.100 
4527  358 
4528.489 
4532-510 
4536  897 
4538.902 
4539  070 

4539 • 749 
4544  968 
4548.880 
4550  336 


Inten- 
sity 


Wave- Length 


4551  338 
4558.620 
4560.320 
4560.908 
4562 .368 
4565  279 
4565-867 
4572.298 
4572  730 
4578.790 


Inten- 
sity 


Wave-Length 


4579  270 
4582.519 
4591.150 
4593  948 
4606 . 439 
4615 .220 
4634  930 
4628.178 

4632.339 
4646. 150 


Inten- 
sity 


THORIUM 


3503-758 

0 

3532.031 

0 

'  3557-603 

I 

3600.558 

0 

3503-909 

0 

3534  663 

0 

3559.585 

2 

3600.975 

0 

3504-157 

0 

3536.115 

0 

3560. 109 

I 

3601 .206 

2 

3505-653 

0 

3537-245 

I 

3561.015 

0 

3603.372 

2 

3507 .008 

0 

3537-568 

0 

3561.928 

0 

3603.518 

I 

3508.270 

I 

3538-349 

0 

3563  527 

0 

3603 . 765 

0 

3509.240  fcr 

I 

3538-507 

0 

3567.186 

0 

3604 . 208 

0 

3510.679 

0 

3538  903 

0 

3567-401 

1 

3604.846 

0 

3510.887 

0 

3539-425 

2 

3567  845 

0 

3605 .802 

0 

3511.286 

0 

3539-7" 

3 

3568.115 

0 

3607.536 

0 

3511.760 

4 

3540.475 

0 

3569  765 

0 

3608.530 

0 

3512.875 

0 

3541.753 

0 

3571-723 

0 

3609.362 

0 

3513-368 

0 

3572.531 

3 

3609 . 608 

3 

3513-895 

I 

3542.351 

0 

3573382 

I 

3610.207 

0 

3514656 

I 

3542.638 

0 

3573  669 

0 

3610.553 

0 

3515-096 

0 

3542.765 

0 

3575-443 

2 

3610.947 

0 

2515-847 

0 

3544-158 

2 

3576.559 

0 

3612.579 

I 

3516.463 

0 

3545-097 

2 

3576.682 

0 

3613.025 

0 

3516.689 

0 

3545-404 

2 

3579.460 

I 

3613.946 

0 

3516.947 

0 

3546.359 

0 

3580.371 

0 

3614.142 

0 

3518.535 

0 

4547-489 

0 

3582.148 

I 

3615.267 

2 

3519.008 

0 

3548.047 

0 

3584.286 

0 

3616.834 

0 

3519-805 

I 

3548.275 

0 

3587-115 

I 

3617.207 

3 

3520.814. 

0 

3548 . 593 

I 

3588.375 

0 

3618.525 

5 

3521.200 

0 

3549.048 

1 

3589.253 

0 

3619.863 

0 

3521.386 

I 

3549-479 

I 

3589  465 

I 

3620.521 

I 

3522.058 

I 

3549.726 

0 

3589.865 

0 

3621 .282 

2 

3523.656 

0 

3549-858 

0 

3591.203 

0 

3622.476 

0 

3525-758 

0 

3550.419 

0 

3591-578 

0 

3622.549 

0 

3526.148 

0 

3550.893 

0 

3592.937 

I 

3624.138 

0 

3526.760 

I 

3551-538 

0 

3.593-992 

0 

3624.640 

0 

3526.858 

I 

3552-003 

0 

3594.247 

0 

3625.095 

3^ 

3527 -445 

0 

3552.878 

0 

3.595-448 

0 

3625 . 790 

3 

3528.967 

I 

3553-259 

I 

3595-752 

0 

3626.085 

I 

3529  065 

I 

3553-538 

0 

3597-629 

0 

3632.765 

0 

3530.435 

0 

3555-175 

2 

3598.247 

I 

3634  358 

0 

3531-590 

0 

3555  837 

0 

3599-476 

0 

3634.725 

I 

3531-754 

I 

3556.443 

0 

3599-885 

0 

3635 ■ 396 

I 
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Wave- Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

0 

Wave- Length 

Inten- 
sity 

0 

Wave- Length 

Inten- 
sity 

3636.080 

I 

3681.331 

3724.875 

3774  348 

0 

3637 

701 

0 

3682 

038 

0 

3725 -553 

0 

3776.425 

0 

3638 

457 

0 

^682 

652 

0 

3726.890 

3 

3781.162 

0 

3638 

779 

0 

3685 

057 

I 

3727.306 

0 

3781. 5 «3 

0 

3630 

Sg6 

3 

3687 

126 

I 

3727  428 

0 

3783.175 

I 

3641 

241 

0 

3688 

"5 

0 

3728.049 

I 

3783  447 

3 

364.' 

373 

3 

3688 

903 

3 

3730.048 

I 

3785  486 

0 

3643 

641 

0 

3690 

259 

0 

3730-532 

I 

3785  763 

3 

3644 

473 

0 

3690 

649 

I 

3730 -905 

0 

3787.021 

0 

3647 

484 

0 

3690 

768 

I 

373 «   5^5 

0 

1     3788.488 

0 

3647 

7S6 

I 

3691 

s6o 

0 

3734-728 

0 

378<^255 

2 

3648 

287 

0 

3691 

782 

0 

3737-645 

0 

3790.948 

I 

3648 

335 

0 

3692 

044 

I 

3738.847 

I 

3791.443 

0 

3649 

378 

a 

3692 

233 

I 

3741 .001 

0 

3792.502 

0 

3649 

865 

I 

3692 

714 

I 

3741-343 

4 

'     3794.379 

0 

3630 

945 

I 

3693 

841 

0 

3742.407 

I 

3794.477 

0 

3651 

705 

0 

3694 

007 

2 

3743.054 

2 

3794.830 

0 

3652 

317 

2 

3694 

489 

0 

3743.641 

0 

3796.883 

0 

3^^^ 

684 

I 

3695 

472 

0       1 

3744.870 

0 

3800.505 

0 

if'^i 

701 

I 

3696 

133 

I 

3745 . 753 

0 

3803.224 

2 

3654 

613 

0 

3696 

807 

0 

3746.105 

2 

3805.969 

0 

3655 

248 

0 

3697 

172 

0 

3747  693 

2 

3808.046 

I 

3656 

330 

0 

3698 

233 

0 

3750.648 

0 

3808 . 280 

0 

3636 

899 

0 

3698 

440 

I 

3751.247 

I 

3809.984 

0 

3638 

206 

2 

3700 

017 

0 

3752.728 

4 

3811.157 

0 

3638 

326 

2 

3700 

484 

0 

3753.387 

0 

3813.187 

I 

3638 

041 

0 

3700 

921 

0 

3754.182 

0 

3821.563 

2 

3639 

654 

2 

3701 

133 

0 

3754.740 

I 

3823.208 

0 

3659 

773 

2 

3703 

020 

0 

3753.336 

0 

3823 . 705 

0 

3661 

730 

I 

3703 

386 

JO 

3756.007 

0 

3827.068 

0 

3663 

332 

I 

3703 

930 

0 

3756.438 

0 

3828.539 

I 

3663 

847 

2 

3704 

192 

2 

3757.829 

2 

3829.535 

0 

3663 

821 

0 

3703 

007 

0 

3758.612 

0 

3833  203 

0 

3667 

134 

0 

3706 

131 

I 

3758.888 

0 

3836.648 

2 

3668 

272 

I 

3706 

032 

I 

3759.443 

0 

3838.006 

I 

3670 

132 

2 

3707 

U7 

0 

3759.551 

I 

3839.853 

2 

3670 

735 

0 

3707 

606 

0 

3760.448 

0 

3842.115 

I 

3671 

684 

0 

3708 

907 

0 

3761.235 

0 

3834-687 

3 

3672 

448 

0 

37" 

463 

2 

3761.647 

0 

3836-513 

0 

3672 

663 

0 

37" 

769 

0 

3762.473 

1 

3873-963 

I 

3673 

447 

2 

3712 

713 

0 

3763.035 

3 

3874.980 

2 

3673 

949 

I 

3713 

734 

0 

3763-439 

0 

3875.389 

I 

3674 

203 

I 

3715 

987 

0 

3764.450 

0 

3884.675 

0 

3675 

049 

0 

3716 

703 

0 

3765.354 

0 

3884.963 

0 

3673 

287 

0 

3717 

965 

0 

3666.241 

I 

3883.897 

0 

3673 

6q2 

2 

3718 

275 

0 

3768.035 

I 

3887  033 

0 

3676 

818 

0     1 

3718 

765 

0 

3768.565 

0 

3887.143 

0 

3677 

8^o 

0 

3719 

547 

2 

3769.730 

0 

3891.205 

0 

3678 

163 

2 

3720 

404 

2 

3770.208 

I     j 

3891.896 

I 

3678 

391 

0 

3721 

990 

3 

3771.514 

2 

3892 -455 

0 

3679 

275 

0 

3722 

302 

2 

3772-358 

0 

3893.247 

I 

3679 

348 

2     ' 

3723 

440 

0 

3772  803 

0 

3893.568 

I 

3680.623 

I 

3723  798 

0 

3773.901 

2 

3894.573 

I 
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Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

Wave-Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

3S95.054 

0 

3951    673 

I 

4025.752 

0 

4106. 112 

I 

3S95 

549 

I 

3952.909 

0 

4026.259 

0 

4108.597 

2 

389S 

614 

0 

3955-301 

I 

4027.138 

0 

4109.523 

I 

3900 

268 

0 

3956.003 

I 

4028.785 

0 

4110.795 

I 

3900 

716 

0 

3956.743 

I 

4029 . 086 

I 

41 1 1 .048 

I 

3901 

027 

I 

3956   832 

I 

4030.137 

0 

4112.887 

I 

3901 

289 

0 

3959-439 

0 

4030.985 

0 

4115-947 

I 

3901 

811 

0 

3960.483 

0 

4032.085 

I 

4116.878 

I 

3903 

252 

0 

3962.548 

0 

4032.263 

I 

4123.748 

I 

3904 

236 

I 

3963-355 

0 

4034.407 

0 

4127.606 

0 

3905 

237 

I 

3963.610 

0 

4035.042 

0 

4131 .200 

0 

3906 

94S 

0 

3965 . 008 

0 

4036.175 

I 

4131 .618 

I 

39" 

136 

0 

3967 -547 

I 

4036.702 

I 

4132.943 

I 

3912 

090 

0 

3969-153 

0 

4040.021 

0 

4134.269 

I 

3912 

438 

0 

3972.286 

0 

4041.359 

0 

4140.410 

I 

3913 

157 

0 

3972 -794 

0 

4043.276 

0 

4 1 4 1 . 808 

0 

3913 

965 

0 

3973-370 

0 

4043-573 

0 

4142.900 

2 

3915 

365 

0 

3973-756 

I 

405 1 . 048 

0 

4148.312 

I 

3916 

534 

0 

3974  378 

I 

4053-705 

0 

4150.187 

I 

3916 

879 

0 

3976.532 

0 

4059.403 

0 

4152.418 

I 

3917 

385 

0 

3979-175 

0 

4060 . 038 

0 

4155.525 

2 

3918 

186 

0 

3980.239 

0 

4063 .547 

I 

4156.407 

0 

3918 

402 

0 

3980.901 

0 

4064.475 

0 

4162.865 

0 

3918 

621 

0 

3981.256 

0 

4065 . 789 

I 

4163.732 

0 

3919 

143 

0 

3982.027 

I 

4067.601 

I 

4164.248 

0 

3922 

350 

I 

3982 . 239 

I 

4069.364 

2 

4165 . 187 

0 

3922 

756 

I 

3984.506 

0 

4069 .610 

I 

4165.501 

0 

3923 

939 

0 

3984.899 

0 

4071.925 

0 

4165 .870 

0 

3925 

247 

0 

3987.365 

0 

4072.785 

0 

4167.748 

0 

3925 

338 

I 

3987.854 

0 

4075.683 

0 

4168.729 

0 

3926 

838 

0 

3988.710 

I 

4075.887 

0 

4170.575 

0 

3927 

308 

0 

3988. 

I 

4080.475 

I 

4171.463 

0 

3927 

561 

0 

3990.646 

0 

4080 . 860 

0 

4171.803 

0 

3929 

803 

2 

3991.903 

0 

4081.537 

0 

4178.087 

2 

3932 

155 

0 

3992.447 

0 

4082.429 

I 

4179.721 

1 

3932 

376 

0 

3994.701 

2 

4083 . 605 

0 

4180. on 

0 

3933 

037 

0 

3996.212 

I 

4085.178 

2 

4I8I .015 

0 

3935 

715 

0 

3998.015 

I 

4085.576 

0 

4193-078 

0 

3937 

153 

0 

4000.453 

0 

4086.673 

3 

4202.005 

I 

3938 

059 

0 

4001 .237 

0 

4088.847 

I 

4209.003 

3 

3938 

868 

I 

4001 .864 

0 

4089.278 

0 

4216.065 

0 

3941 

387 

I 

4003 . 246 

0 

4091.525 

I 

4217.247 

0 

3942 

184 

0 

4003 . 458 

I 

4093.511 

0 

4218.234 

0 

3942 

790 

0 

4005 . 202 

0 

4094  907 

3 

4218.572 

0 

3943 

503 

I 

4005.679 

0 

4097-483 

0 

4220. 101 

0 

3943 

818 

0 

4006 .515 

0 

4097-887 

0 

4224.208 

0 

3945 

636 

I 

4007. i 63 

I 

4099.093 

I 

4224.565 

0 

3945 

941 

0 

4008.331 

I 

4100.518 

2 

4229.472 

0 

3946 

279 

I 

4009.175 

I 

4001 .088 

I 

4230.441 

0 

3947 

477 

0 

401 1 .891 

I 

4102.817 

I 

4233-357 

0 

3948 

175 

I 

4012.620 

2 

4103.785  br 

I 

4234-358 

0 

3949 

006 

2R 

4019.271 

4 

4104.553 

I 

4235 . 046 

0 

3950.540 

I 

4022.233 

0 

4105.502 

I 

4235 -337 

0 
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Wave- Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

Wave- Length 

Inten- 
sity 

4240.700 

0 

4298.896 

I 

4359  363 

0 

4436.016 

0 

4243.773 

0 

4299 

850 

0 

4361 .292 

0 

4436.239 

0 

4244.082 

0 

4300 

801 

0 

4361.746 

0 

4436.420 

0 

4347 •73Q 

0 

4306 

389 

0 

4365-893 

0 

4439.148 

I 

4248.015 

I 

4307 

1 88 

0 

4366.936 

0 

4440.548 

0 

434Q7'0 

0 

4309 

976 

3 

436<^257 

0 

4440.856 

I 

4250.318 

2 

43 13 

000 

0 

4373  825 

0 

4443-075 

0 

4353-562 

0 

43  >  3 

307 

I 

4374   137 

0 

4447-790 

1 

4355-781 

0 

43 '5 

?,?>f^ 

0 

4374.788 

I 

4454-507 

0 

4356.147 

0 

43 '8 

346 

2 

■   4377-837 

I 

4458-031 

0 

4256.262 

0 

43'<) 

109 

0 

4378.162 

0 

4461 .162 

0 

4357  534 

0 

4320 

146 

2 

4380.926 

I 

4465   353 

2 

4260.425 

0 

4320 

595 

I 

4181.890 

10 

4469 .511 

0 

4261.305 

0 

4327 

146 

I 

4384.686 

0 

4472.301 

0 

4263.402 

0 

4328 

697 

0 

4387.077 

0 

4474  oc;o 

0 

4264.155 

0 

432g 

519 

0 

4391 .029 

10 

4480.829 

0 

4270.351 

0 

4331 

979 

0 

4393-008 

I 

4481.642 

0 

4271 . 122 

0 

4333 

965 

0 

4394.888 

0 

4485-783 

I 

4272. QIO 

I 

4334 

727 

2 

4396 . 500 

0 

4486. 1 01 

0 

.4272.379 

3 

4337 

386 

2 

4398.897 

0 

4486.892 

0 

4273.018 

I 

4338 

120 

0 

4399  069 

0 

4487.487 

I 

4374-350 

0 

4341 

036 

0 

4400.372 

0 

4488.648 

2 

4276.818 

0 

4342 

285 

0 

4401 .616 

0 

4492   225 

0 

4276.927 

I 

4342 

434 

I 

4402.938 

I 

4493  336 

I 

4277340 

4 

4343 

612 

0 

4408.867 

0 

4496 • 307 

0 

4278.321 

0 

4343 

991 

1 

4410.427 

0 

4498.934 

0 

4280.610 

0 

4344 

333 

I 

4412.535 

1 

4499.966 

0 

42S1 .oq6 

2 

4344 

661 

2 

4412.776 

6 

4505.198 

0 

4281.446 

I 

4346 

450 

0 

4414.505 

I 

4510.527 

2 

4282.055 

3 

4347 

742 

0 

4416.187 

0 

4512.477 

0 

4283.546 

I 

4349 

883  fcr 

I 

4418.524 

0 

4513  676 

0 

4284.960 

0 

4353 

299 

0 

4421.536 

0 

4524-848 

0 

4286.219 

0 

4354 

481 

0 

4422.047 

0 

4531.699 

0 

4288.035 

0 

4355 

300 

I 

4423.885 

I 

4532.288 

0 

4291 .846 

0 

4357 

585 

0 

4427.636 

I 

4533  307 

I 

4295.099 

0 

4358 

310 

I 

4432  237 

0 

4534-118 

0 

4297-357 

0 

4358 -559 

0 

4432.945 

3 

4535-236 

0 

III.     EFFECT    OF    VARI.\TION'    OF    CURREXT    AND     CAPACITY 
UPON    THE    WAVE-LEXGTHS    OF    SPARK    SPECTRA 

INTRODUCTION 

Owing  to  the  fact  that  the  spark  is  ahvays  used  for  comjjarison 
in  all  line-of-sight  work,  it  is  of  importance  to  know  whether  or  not 
the  wave-lengths  of  spark  spectra  remain  constant  under  var}-ing 
external  conditions  of  current,  capacity,  etc.  Although  considerable 
experimenting  has  been  done  along  this  line  during  the  last  few  years, 
yet  there  is  a  diversity  of  ojiinion  among  observers.     As  the  spark 
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and  arc  lines  did  not  coincide  on  several  of  the  plates  of  spark  spectra, 
this  part  of  the  investigation  was  undertaken  to  determine  whether 
or  not  this  displacement  was  due  to  mechanical  causes. 

HISTORICAL  REVIEW 

It  has  been  observed  by  Hemsalech/  Schenck,^  and  others  that 
when  small  amounts  of  self-induction  were  introduced  into  the  circuit 
of  a  spark  discharge,  there  was  at  once  a  complete  extinction  of  all 
the  air  lines  from  the  spark  spectrum,  and  at  the  same  time,  a  narrow- 
ing of  all  metallic  lines.  As  the  self-induction  was  increased,  certain 
others,  called  ''short  lines,"  disappeared,  while  certain  lines  called 
''long  lines,"  also  present  in  the  arc,  remained  visible  or  increased  in 
intensity.  There  was  also  a  third  class  which  were  absent  in  the 
ordinar}'  condenser  spark,  being  present  in  the  arc,  but  which  appeared 
on  introducing  self-induction  in  the  circuit.  But  the  function  with 
which  we  are  particularly  concerned  here  is  the  effect  of  self-induction, 
capacity,  and  current,  etc.,  upon  the  wave-lengths  of  the  lines.  Exner 
and  Haschek,^  in  the  course  of  their  measurements  of  the  ultra-violet 
spark  spectrum  of  the  elements,  observed  that  in  many  instances  the 
wave-lengths  of  the  lines  in  the  spark  spectrum  differed  considerably 
from  the  wave-lengths  of  the  corresponding  lines  in  the  arc,  this  dif- 
ference being  often  as  much  as  o.  5  of  an  Angstrom  unit.  They  con- 
sidered this  difference  as  due  to  pressure  in  the  spark,  and  with  data 
taken  from  the  tables  of  Humphreys  and  ]SIohler'  they  estimated  the 
pressure  in  the  spark  to  be  about  25  atmospheres. 

Haschek  and  Mache^  then  attempted  to  show  the  existence  of 
such  a  pressure.  A  spark  was  produced  in  an  air-tight  vessel  which 
was  filled  with  air  and  connected  to  a  manometer.  On  discharging 
the  spark  they  observed  a  sudden  rise  of  the  manometer  and  inter- 
preted it  as  due  to  a  pressure  in  the  spark;  but  the  value  thus  obtained 
was  much  greater  than  that  calculated  from  the  difference  between 
the  wave-length  of  the  arc  and  spark  lines.     They  also  found''  that 

I  Comptes  Rendtis,  129,  285,  iSgg;  Journal  de  Physique  (3),  8,  652,  1899. 
'  Astro  physical  Journal,  14,  116,  1901. 

3  Silz.  der  Kais.  Akad.  der  Wiss.  in  Wien,  1897,  and  following  years. 

4  Astrophysical  Journal,  3,  114,  i8g6,  and  4,  175,  1897. 

5  Sitz.  der  Kais.  Akad.  der  Wiss.  in  Wien,  1898. 
^  Astrophysical  Journal,  19,  351,  1899. 
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this  clTect  increased  to  u  maximum  and  then  decreased  as  they 
increased  the  amount  of  capacity  across  the  (Uscharge  circuit. 

Eder  and  \alenla,'  however,  found  no  disi)hicement  whatever, 
in  case  of  the  hncs  stucHcd  by  Exner  and  ilaschek. 

Kent'  repeated  some  of  Exner  and  Haschek's  work  and  observed 
that  in  case  of  titanium  the  arc  and  spark  hnes  (\u\  not  coincide,  due 
to  capacity,  but  that  the  disitUicenunl  (\u\  not  amount  to  more  than 
0.04  of  an  Anj^strom  unit  for  hnes  in  which  Exner  and  Haschek 
observed  as  much  as  0.13  of  an  An<^strom  unit. 

MiddlekaulT,^  workinj^  in  this  hdjorator\'  with  the  21 -foot  <^rating, 
observed  no  shift  in  case  of  the  sj)ark  h"ncs  of  iron. 

Keller.'  working  at  Bonn,  ol^served  a  shift  but  found  that  it  was 
due  to  the  manner  in  which  the  light  was  allowed  to  fall  upon  the  slit. 

THE   PRESENT   INVESTIGATION:     APPARATUS 

The  same  grating  was  em])loyed  as  that  used  for  ])hotographing 
the  arc  and  spark  spectra  of  the  elements. 

For  electrodes,  rods  of  Norway  iron,  and  also  metallic  chromium, 
manganese,  and  calcium  were  used.  These  were  turned  down  to 
the  form  of  a  blunt  lead-])encil  as  stated  before. 

METHOD   OF   EXPOSURE 

One  of  the  greatest  dif^culties  encountered  was  the  mechanical 
shift  which  appeared  in  a  greater  or  less  degree  upon  nearly  every 
plate.  At  tirst  this  was  taken  to  be  a  true  shift.  In  order  to  avoid 
any  jjossibility  of  a  shift  due  to  a  jar  of  the  camera  when  the  shutter 
was  turned,  the  shutter  was  detached  entirely  and  held  in  })lace  by 
two  iron  clamps  which  rested  on  the  floor. 

The  middle  of  the  plate  was  generally  used  for  ])hotographing 
the  spark,  then  the  shutter  was  turned  and  the  arc  spectrum  obtained 
on  either  side,  thus  making  it  possible  to  observe  any  shift  that  might 
occur.  Plates  were  also  taken  in  which  the  arc  spectrum  was  on  the 
center  of  the  plate. 

RESULTS 

A  large  number  of  plates  were  taken  by  the  method  described 
above,  and  invariably  it  was  found  that  no  shift  whatever  occurred. 

'  Kayser,  Handbuch  der  Spectroscopic,  Vol.  II,  p.  308. 

^  Astrophysical  Journal,  14,  201,  1900.  i  Ibid.,  21,  116.  1895. 

4  Zeitschrijt  jiir  Wiss.  Phot.,  4,  209-231,  19C36. 
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Ho^ve^"e^,  in  the  case  of  a  few  lines  which  were  reversed  either  in  the 
arc  or  spark,  there  was  an  apparent  shift  due  to  an  imsymmetrical 
reversal.  This  is  illustrated  by  the  following  wave-lengths  of  some 
of  the  chromium  lines  taken  from  the  plates.  In  case  of  the  fourth 
and  fifth  lines  there  was  an  unsvmmetrical  reversal  of  the  arc  lines. 


A  Spark 


3823.644 
3875  257 
4254  352 
4645.853 
4680 . 489 


A  > 

\.TC 

3823 
3875 

644  (r) 

257  W 

4254 
4645 
4680 

354 

875 
505 

.000 
.000 
.002 

.024 

.016 


The  effect  of  increasing  the  current  in  the  primar}^  of  the  induction 
coil  was  greatly  to  increase  the  intensity  of  the  spark,  but  at  the  same 
time,  to  cause  more  lines  to  reverse.  The  latter  was  especially  true  in 
the  case  of  calcium  and  manganese. 

The  current  was  \'aried  from  twelve  to  forty  amperes,  this  being 
the  limit  of  the  coil.  When  forty  amperes  current  was  used,  almost 
every  line  in  the  spark  spectrum  of  both  calcium  and  manganese  was 
reversed,  while  many  were  doubly  reversed  and  a  few  of  the  manganese 
lines  were  reversed  three  times. 

Hence  the  conclusions  to  be  drawn  from  the  present  investigation 
are  the  following: 

1.  In  the  case  of  a  spark  discharge  in  air,  there  is  no  change  pro- 
duced in  the  wave-length  by  variations  in  the  circuit  conditions  up 
to  60  amperes  except  that  due  to  unsymmetrical  reversal  of  the  lines. 

2.  There  is  no  appreciable  difference  in  wave-length  between  the 
arc  and  spark  lines. 

In  conclusion,  the  author  takes  pleasure  in  acknowledging  his 
great  indebtedness  to  Professor  Ames,  at  whose  sugggestion  the  work 
was  undertaken,  and  under  whose  immediate  supervision  it  was 
carried  out.  He  also  wishes  to  thank  both  ]Mr.  L.  E.  Jewell  for  his 
interest  and  valuable  suggestions  during  the  progress  of  the  work, 
and  Dr.  A.  C.  Neish  of  Columbia  University,  who  prepared  and  fur- 
nished the  salts  of  cerium  and  thorium. 
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STATIONARY  MK  TKORIl'   RADIANTS.     THE  SIZE 
OF  METEORS 

nv  WILLIAM  H.  PICKERING 

The  existence  of  meteoric  showers  of  several  months'  duration, 
coming  from  the  same  point  in  the  sky,  was  first  described  at  length 
and  in  detail  by  Mr.  Denning,  in  Monthly  Notices,  38,  iii,  1878. 
The  apparent  radiant  of  a  meteor  depends  in  general  nearly  as  much 
on  the  true  direction  of  motion  of  the  earth,  as  it  does  on  the  true 
direction  of  motion  of  the  meteor.  Conse(iuently  if  the  same  meteor, 
moving  in  a  straight  line,  could  be  met  by  the  earth  in  two  ditTerent 
parts  of  its  orbit,  we  should  find  the  meteor  apparently  coming  from 
ver>'  ditTerent  parts  of  the  sky.  Thus  the  radiant  of  the  Perseids 
from  July  8  to  August  21  shifts  in  right  ascension  from  11°  to  55° 
(Denning's  Catalogue,  Memoirs  oj  the  Royal  Astronomical  Society, 
53,  234,  1899),  or  a  change  of  44°  in  as  many  days.  Consecjuently 
the  statement  that  a  meteoric  shower  can  persist  for  five  or  six  months, 
with  the  meteors  apparently  continuing  to  come  from  identically  the 
same  point  in  the  heavens  appears  to  be  well-nigh  unbelievable. 

No  thoroughly  satisfactory  explanation  of  this  phenomenon  has 
been  offered  since  Mr.  Denning  first  called  attention  to  it.  Indeed, 
in  Monthly  Xotices,  45,  93,  1884,  he  says:  "The  fact  of  stationary 
radiants  exhibiting  visible  activity  during  several  months  is  a 
phenomenon  so  unaccountable  and  so  utterly  opposed  to  the  approved 
theories  as  to  the  orbits  of  shooting  stars,  that  it  must  receive  a  most 
crucial  examination  before  it  can  be  accejjted." 

Professor  C.  A.  Young  in  his  General  Astronomy,  §787*,  1899, 
says:  "No  satisfactory  explanation  of  such  fixity  as  yet  appears,  and 
though  Mr.  Denning  is  perfectly  confident  of  the  genuineness  of  his 
discovery,  and  though  it  is  very  generally  accepted  as  a  fact,  some 
ver\'  high  authorities,  Tisserand,  for  instance,  still  question  it,  as 
being  'incredible  and  unaccountable.'" 

Professor  H.  H.  Turner,  in  Monthly  Notices,  59,  147,  1899,  after 
offering  an  explanation  of  the  stationar}'  radiants,  which  he  himself 
later  criticizes,  says:  "In  spite  of  this  difi'iculty,  I  venture  to  publish 
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this  suggestion,  in  the  hope  that  it  may  perhaps  at  least  draw  atten- 
tion to  the  important  problem  of  stationary  radiants."  Again  he 
says,  referring  to  another  suggestion,  that  these  radiants  are  due  to 
a  confusion  of  different  meteoric  streams:  "My  own  opinion  is  that 
this  interpretation  of  ^Mr.  Denning's  observations  is  impossible,  and 
that  we  are  face  to  face  with  another  of  those  cases  in  which  obsers'a- 
tion  supplies  us  with  facts  apparently  inexplicable  by  theory  at  present, 
for  which  a  theoretical  ex])lanation  will  yet  be  found." 

The  two  objections  to  Professor  Turner's  explanation  which  he 
has  himself  pointed  out,  and  which  strike  the  writer  most  forcibly, 
are:  (a)  That  the  meteors  must  move  extremely  slowly  with  regard 
to  the  earth — this  does  not  seem  to  be  the  fact;  (b)  the  explanation 
implies  a  uniform  relative  velocity  of  the  meteors  and  the  earth 
throughout  the  duration  of  the  shower — this  is  contran,'  to  the  obser- 
vations. 

In  the  present  paper  an  endeavor  has  been  made  to  show  clearly 
what  assumptions  are  necessarily  involved  in  any  efTort  to  explain 
the  phenomenon  described  by  Air.  Denning.  The  three  hitherto 
irreconcilable  facts  stated  by  him,  Monthly  Notices.  45,  iii,  1884, 
are:  (a)  the  radiants  are  stationary;  {h)  the  showers  are  of  several 
months'  duration:  four  showers  last  for  six,  one  shower  for  seven 
months;  (c)  the  velocity  of  the  meteors  changes  noticeably  in 
different  portions  of  the  earth's  orbit.  When  the  apex  of  our  motion 
is  near  the  radiant  the  relative  speed  is  high;  when  remote  from  it, 
the  speed  is  low. 

Starting  with  first  principles,  it  is  certain  that  tlie  meteors  are 
moving  in  an  orbit  around  the  sun,  rather  than  around  the  earth, 
because  of  this  variable  velocity.  The  orbit  must  be  a  conic  section, 
and  is  almost  certainly  an  ellipse.  The  direction  of  its  major  axis 
may  vary,  depending  on  the  portion  of  the  earth's  orbit  where  the 
meteors  are  encountered — and  this  in  fact  is  the  opinion  of  Bredikhine, 
who  considers  the  phenomenon  as  due  to  a  series  of  se])arate  meteoric 
streams.  Denning,  on  the  other  hand,  believes  that  all  the  meteors 
coming  from  the  same  radiant  belong  to  the  same  shower.  This  is 
equivalent  to  assuming  that  the  orbits  of  all  these  meteors  have  a 
common  major  axis.  It  is  our  object  to  explain,  as  far  as  possible, 
the  existence  of  stationary  radiants,  accepting  this  condition. 
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Let  us  now  consider  the  inclination  of  the  orbit,  and  let  us  first 
suppose  that  it  is  perj)endicular  to  that  of  the  earth.  If  the  inter- 
secting node  coincides  with  either  the  ajjlielion  or  the  j)crihclion,  the 
direction  of  the  meteors  will  also  he  |)er|)endicular  to  the  plane  of 
the  earth's  orbit.  Under  these  circumstances  the  j)osition  of  the 
radiant  in  longitude  will  dej)end  on  the  earth's  motion,  and  be  inde- 
pendent of  that  of  the  meteors.  The  longitude  of  the  radiant  will 
coincide  with  that  of  the  aj)ex  of  this  motion,  and  consequently  will 
increase  i°  \)cv  day. 

As  an  illustration  of  this  case,  let  us  consider  the  Perseid  shower, 
which  somewhat  aj)j)ro.\imates  to  these  conditions.  The  latitude  of 
its  perihelion  is  +25°.  Its  ])erihelion  distance  is  0.96,  and  the  inclina- 
tion of  its  orbit  116°.  When  the  shower  is  at  its  maximum,  on  .August 
10,  the  longitude  of  the  sun  is  137°  and  the  longitude  of  the  earth's 
apex  47°.  The  meteors  should  therefore  seem  to  come  from  this 
longitude.  Their  observed  radiant  in  fact  on  this  date  is  44°.  The 
radiant  advances  on  the  average,  as  we  have  already  seen,  1°  a  day  in 
right  ascension.  Their  duration  is  44  days,  which  means  that  the 
breadth  of  the  stream  is  about  si.xty  millions  of  miles  ( 100,000.000  km). 
In  fact  their  long  duration  compared  with  that  of  the  Leonids  indicates, 
quite  as  clearly  as  their  uniform  distribution  along  their  orljit,  the  great 
antiquity  of  the  stream  in  its  present  position. 

Now  let  us  still  assume  that  the  orbit  of  the  meteors  is  perpen- 
dicular to  that  of  the  earth,  but  that  the  node  does  not  coincide  with 
the  aphelion  or  perihelion.  The  only  difference  between  this  case 
and  the  last  is  that  the  vertical  component  of  the  meteor's  motion 
now  has  a  nearly  constant  horizontal  component  combined  with  it. 
This  will  change  the  direction  of  the  radiant  in  longitude,  but  will 
not  materially  affect  its  daily  rate  of  change.  It  therefore  appears 
that  orbits  giving  stationary  radiants  cannot  be  highly  inclined  to  the 
ecliptic. 

Let  us  now  imagine  that  the  earth  and  a  meteoric  stream  revolving 
in  the  same  plane,  but  in  opposite  directions,  should  cross  one  another 
at  intervals  of  every  six  months.  In  the  simplest  case,  where  the 
motions  of  the  two  bodies  were  diametrically  o])posed,  the  ditTerence 
in  longitude  of  the  two  radiants  would  be  180°.  In  ever}-  case  the 
motion  of  the  meteors  would  tend  to  increase  that  comj)onent  of  the 
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radiant  due  to  the  earth's  motion.  This  component  is  the  one  which 
induces  a  change  in  longitude,  and  is  therefore  the  one  whose  influence 
in  certain  places  we  must  seek  to  counteract.  As  far  as  inclination  is 
concerned,  therefore,  meteors  with  stationary  radiants  can  only  be 
revolving  in  orbits  but  slightly  inclined  to  the  elliptic,  and  with  a  direct 
revolution. 

Let  us  next  consider  the  velocity  of  the  meteors.  The  Leonids 
when  they  reach  the  outer  limits  of  our  atmosjjhere  are,  as  we  know 
by  the  elements  of  their  orbit,  moving  at  a  speed  relatively  to  the 
earth  of  44  miles  (71  km)  per  second.  The  Andromedids  on  the  other 
hand  are  moving  at  a  speed  of  only  11  miles  (18  km).  How  fast  either 
of  them  is  moving  when  they  later  become  visible  to  us,  we  have  no 
precise  means  of  measuring,  but  we  have  no  difficulty  in  recognizing 
the  difference  in  their  speed,  and  we  are  able  to  form  an  impression 
of  how  a  meteor  looks  that  has  had  a  speed  of  44  miles  a  second 
when  it  struck  our  atmosphere,  and  how  one  looks  that  has  been  going 
only  II  miles  per  second. 

Describing  the  meteors  from  stationary  radiants  Mr.  Denning 
says  in  Monthly  Xotices,  45,  444,  1885:  "The  meteors  falling  from 
the  stationary  radiants  referred  to  in  my  paper  read  at  the  December 
meeting,  appear  to  be  of  ordinary  character,  and  their  motions  cannot 
differ  essentially  from  the  parabolic  velocities  exhibited  by  the  planet- 
ary streams."  From  this  statement  we  conclude  that  their  orbits 
cannot  nearly  coincide  with  that  of  the  earth,  as  suggested  by  Professor 
Turner  in  Monthly  Notices,  60,  455,  1900,  but  that  their  major 
axes  must  be  of  the  same  order  of  size,  at  least,  as  those  of  the  periodic 
comets. 

In  Mr.  Denning's  latest  catalogue,  to  which  reference  has  already 
been  made,  it  is  interesting  to  note  that  out  of  278  different  radiants 
he  records  only  two  of  which  the  motion  has  been  delinitely  established, 
one,  the  Perseids  already  mentioned,  and  the  other,  the  Lyrids  of 
April  20.  The  inclinations  of  the  orbits  of  the  comets  with  which  they 
are  associated,  1862,  111,  and  1861,  I,  are  114°  and  80°  respectively. 
It  will  thus  be  seen  that  in  both  these  cases  the  orbit  is  very  highly 
inclined  to  the  ecliptic. 

In  the  catalogue,  however,  under  the  head  of  the  Leonids,  are 
found  some  very  interesting  observations  made  by  Professor  F.  P. 
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Brackctt  and  nine  assistants  on  the  six  days  extending  from  Novem- 
ber 12  to  17,  i8{)8.  On  one  of  these  dates  the  lonj^itude  of  the  rachant 
shows  a  larj^e  deviation  from  the  others,  due  a])i)arenlly  to  the  exist- 
ence of  what  Professor  Brackett  in  his  original  paper  terms  sub- 
radiants  {Popular  Aslrononiy.  7,  ;;4,  i8c>(>).  The  five  other  dates 
show  a  fairly  regular  i)rogression  in  longitude  at  the  rale  of  1°  jjcr 

day.  as  follows:    147°  30',  148°  45',  150°  42'.  150°, .  152°  30'. 

The  longitude  deduced  for  the  radiant  on  the  date  indicated  by  a 
dash  was  147°.  The  total  number  of  Leonids  observed  was  177.  of 
which  109  were  seen  u])on  November  15.  This  change  of  the  radiant 
is  precisely  what  we  should  exi)ect  theoretically  for  a  retrograde  stream 
both  in  direction  anfl  amount. 

All  the  other  meteoric  streams  mentioned  in  the  catalogue,  for 
aught  we  can  tell  to  the  contrary,  therefore,  may  have  stationary 
radiants.  Indeed,  on  p.  204  Mr.  Denning  (iefmitely  states,  referring 
to  these  radiants:  "Certain  (in  fact  the  great  majority)  of  these 
displays  are  not  confined  to  limited  periods,  but  extend  their  activity 
over  several  weeks,  and  in  many  cases  over  several  months."  In 
endeavoring  to  exjjlain  stationary  radiants,  therefore,  we  are  trying 
to  make  clear  not  the  exceptional  occurrence,  but  the  usual  phenome- 
non of  a  meteoric  encounter. 

Of  the  45  recognized  periodic  comets  belonging  to  our  system,  but 
three  have  retrograde  orbits.  The  great  majority  of  these  comets 
were  rendered  periodic  by  the  influence  of  the  planet  Jupiter,  and 
their  orbits  are  generally  inclined  at  small  angles  to  the  ecliptic.  We 
may  probably  safely  assume  that  the  meteoric  radiants  arc  due,  not 
to  parabolic  or  hyperbolic  orbits,  but  to  elliptic  orbits  whose  major 
axes  are  of  moderate  length,  and  that  the  meteors  themselves  are  in 
fact  in  the  majority  of  cases  the  visible  remains,  the  ghosts,  so  to  speak, 
of  defunct  periodic  comets.  We  may  properly  expect  then  that 
their  orbits  also  will  be  inclined  at  small  angles  to  the  ecliptic. 

Let  us  now  construct  a  tigure  representing  such  an  orbit,  which 
we  will  for  the  present  assume  to  lie  exactly  in  the  plane  of  the  ecliptic. 
In  Fig.  i~  let  5  be  the  sun,  let  the  circle  represent  the  earth's  orbit, 
and  the  line  P  A  the  direction  of  the  major  axis  of  the  orbit  of  the 
meteors.  Let  us  call  the  direction  of  A  as  seen  from  5  longitude  0°. 
If  the  earth  encounter  the  meteors  at  their  aphelion  A,  their  orbit 
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will  be  small;  if  it  encounter  them  at  their  perihelion  P,  their  orbit 
will  be  large;  but  in  either  case  the  longitude  of  their  radiant  will  be 
90°.  The  reason  of  this  is  because,  when  at  the  same  distance  from 
the  sun.  the  meteors  will  move  faster  than  the  earth,  if  at  their  perihel- 
ion, but  slower  than  the  earth  if  at  their  aphelion. 

Let  us  now  assume  an  ellipse  of  known  major  axis  and  eccentricity 
intersecting  the  earth's  orbit  at  T.     Let  E  T  H  he  a.  tangent  to  the 


Fig.  I 

circle  and  .1/  T  O  a  tangent  to  the  ellipse.  Lay  off  M  T  and  T  H 
equal  respectively  to  the  velocities  of  the  meteor  and  the  earth,  com- 
plete the  parallelogram  T  H  R  M,  and  prolong  R  T  to  D.  Then 
R  T  will  give  the  relative  velocity  of  the  two  bodies,  and  RDF  the 
longitude  of  the  radiant.  These  two  quantities  are  readily  deduced 
by  solving  the  triangles  T  S  F  and  T  H  R.  It  is  a  curious  fact  that 
except  in  the  immediate  vicinity  of  ^,  no  matter  what  ellipse  we  may 
construct  along  the  major  axis  P  A,  prolonged  if  necessary,  provided 
the  aphelion  is  to  the  right,  the  angle  RDF  will  depend  only  on  the 
location  of  T.  This  statement  is  not  rigoraus,  but  it  is  une  pectedly 
exact. 

The  reason  of  it  may  be  seen  by  an  insj)cction  of  Fig.  2.  Let 
T  H  represent  the  velocity  of  the  earth  along  a  small  portion  of  its 
orbit,  and  M  T  that  of  a  meteor  moving  in  an  orbit  of  large  mean 
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scmi-di  imctcr.     If  this  meteor  is  followefl  by  another  havin<^  the 
same  major  axis,  but  moving  in  an  orbit  of  small  mean  semi-diameter, 
its  direction  m  T  will  lie  at  a  somewhat  larger  anj^le  with  T  II  but  it 
will  also  ha\e  a  smaller  velocity 
relatively  to  the  sun.     The  unex- 
pected   feature  is  that  these  two 
chan«;es   should    so   nearly  com- 
pensate   one    another    that    the 
angle  R  F  II  remains  practically 
constant. 

To  illustrate  this  fact  the  fol- 
lowing table  has  beenconstructed, 
where  the  t'lrst  column  gives  the 
aphelion  distance  of  the  assumed 
meteor,  the  second  the  mean 
semi-diameter  of  its  orbit,  the  // 
third  its  eccentricity,  the  fourth 
the  longitude  of  the  earth  at  the 

intersection  of  the  two  orbits,  the  fifth  the  longitude  of  the  resulting 
radiant,  and  the  last  the  velocity  of  the  meteor  relatively  to  the  earth 


Fig. 
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at  the  time  of  collision.  Numerous  orbits  of  small  aphelion  distance 
are  given  for  comparison  with  orbits  where  the  aphelion  distance 
is  larger.  The  last  two  aphelia  are  comparable  to  those  of  the  orbits 
of  the  Perseids,  the  two  previous  ones  to  those  of  the  Andromedids. 
These  results  are  plotted  in  the  curves  represented  in  Fig.  3.  The 
abscissas  at  the  toj)  represent  degrees  of  longitude  and  arc  taken  from 
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Fig.  3 

the  fourth  column  of  the  table.  The  abscissas  at  the  bottom  represent 
time,  and  divide  the  year  into  twelve  equal  parts.  The  u])per  series 
of  ordinates  gives  the  longitude  of  the  radiant  taken  from  the  fifth 
column  of  the  table.  The  lower  series  of  ordinates  gives  the  velocity 
of  the  meteor  relatively  to  the  earth,  and  is  taken  from  the  last 
column.  The  unit  velocity  is  that  of  the  earth  in  its  orbit.  Where 
the  aphelion  distance  is  less  than  i .  to  the  result  is  indicated  on  the 
figure  by  an  X,  where  it  is  exactly  i .  10  it  is  indicated  by  a  +,  and 
when  it  is  2.20  or  over,  it  is  indicated  by  a  circle.     The  half  of  the 
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curve  beyond  lonj^itude  iSo°  is  exactly  like  the  other  half  except  that 
it  is  reversed,  liy  the  lower  curves  we  see  that  unless  the  aphelion 
distance  is  large,  the  relative  velocities  between  longitudes  90°  and 
180°  are  extremely  small.  It  has  not  been  thought  necessary  to  carry 
the  lower  curves  into  the  higher  longitudes,  since  the  results  would  be 
obviously  identical  with  those  shown. 

From  an  insi)ection  of  the  figures  we  can  see  at  a  glance  how  closely 
the  circles  and  crosses  follow  the  up|)er  curve  exce|)t  near  longitude 
0°.  We  next  notice  that  for  an  interval  of  eight  months,  or  between 
longitudes  60°  and  300°,  the  longitude  of  the  radiant  does  not  vary 
more  than  16°  from  its  mean  j)osition.  In  other  words  where  the 
inclination  is  0°,  every  radiant  must  remain  within  16°  of  its  mean 
position  for  eight  months  of  the  year,  no  matter  how  the  orbit  is  con- 
structed. Moreover,  no  radiant  of  an  unj)erturbed  orbit,  no  matter 
how  it  is  constructed,  can  vary  less  than  this  amount,  if  it  is  observed 
continuously  for  eight  months. 

We  may  look  at  these  facts  from  another  jjoint  of  view.  Taking 
up  the  \arious  elements  of  every  possible  orbit  of  the  meteors  in  suc- 
cession, we  tind  that  the  date  of  perihelion  passage  is  given  all  possible 
values,  since  the  meteors  are  supposed  to  revolve  in  a  ring.  The 
longitude  of  the  perihelion  and  the  inclination  are  tixed  by  the  prem- 
ises. The  longitude  of  the  node  is  not  affected  in  the  case  consid- 
ered. Variations  in  the  eccentricity  and  mean  semi-diameter,  which 
control  the  perihelion  distance,  are  found  to  neutralize  one  another, 
and  so  produce  no  effect.  These  six  quantities  are  the  only  ones  which 
can  effect  an  unperturbed  orbit.  Therefore  without  introducing 
perturbations  from  other  bodies,  particularly  the  earth,  no  other 
variations  in  the  orbits  are  possible. 

The  presence  of  the  earth  is  capable  of  producing  two  effects  on 
meteors  that  soon  after  encounter  it.  and  so  become  visible.  One 
is  to  deflect  them,  the  other  to  accelerate  their  velocity.  The  deflect- 
ive effect  always  tends  to  cause  the  apparent  radiant  to  approach 
the  zenith.  In  Fig.  4  the  direction  of  the  radiant,  as  deduced  from 
the  up])er  curve  of  Fig.  3.  is  represented  in  each  of  the  four  quadrants 
by  the  arrow-heads.  During  the  tirst  quadrant  counting  from  A, 
most  of  the  meteors  coming  from  the  given  radiant  are  met  after 
midnight,  when  the  general  effect  will  be  to  increase  the  longitude 
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of  the  radiant.  During  the  second  quadrant  the  meteors  are 
approaching  perihelion  and  travehng  faster  than  the  earth,  therefore 
they  should  mostly  be  seen  before  midnight  when  the  longitude  of 
their  radiant  will  be  diminished.  During  the  third  quadrant  the 
only  meteors  seen  will  be  shortly  after  sunset,  when  the  longitude 
of  the  radiant  will  be  increased.  Finally,  in  the  fourth  quadrant  the 
onlv  meteors  seen  will  be  shortly  before  sunrise,  when  the  longitude 


Fig.  4 


will  be  diminished.     By  reference  to  Fig.  3  it  will  be  seen  that  each 
of  these  effects  tends  to  straighten  out  the  curve. 

The  maximum  acceleration  that  a  meteor  can  experience  with  a 
stationary'  earth,  as  has  been  shown  by  Turner  {Monthly  Notices, 
59.  141,  1899),  is  0.07  of  its  own  velocity.  The  effect  of  this  accelera- 
tion on  a  meteor  whose  aphelion  distance  is  a  little  over  45  units, 
in  longitude  56?8,  is  to  reduce  the  longitude  of  the  radiant  by  2°g. 
In  longitude  i46?8  the  reduction  will  amount  to  5?o.  These  results 
are  shown  by  the  little  squares  in  Fig.  3.  If  the  aphelion  distance 
is  less,  the  effect  is  much  more  striking.  Thus,  with  an  ajjhelion 
distance  of  1.02  units,  in  longitude  i3i?3,  an  acceleration  of  only 
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I  per  cent,  will  reduce  the  lonf^ilude  of  the  raiHant  In-  32?o.  This 
result  is  indicated  in  Kij^'.  .^  by  the  (*).  The  etTect  in  the  second 
and  third  ([uadrants  is  nearly  twice  as  j^real  as  it  is  in  the  first 
and  fourth,  but  this  ratio  is  still  further  greatly  increased  if  we  consider 
that  the  earth  is  not  stationary,  but  movinj^.  This  chanj^e  makes 
little  (litTerence  in  the  first  and  fourth  (|uadrants.  where  the  earth  and 
meteor  are  moving  at  a  high  angle  with  regard  to  one  another.  In  the 
second  and  third  ((uadrants.  however,  the  two  bodies  are  moving  in 
more  nearly  parallel  courses  and  the  meteor  is  following  and  over- 
taking the  earth.  Under  these  circumstances  the  accelerating  force 
lasts  for  a  much  longer  time,  with  a  correspondingly  greater  efTect, 

We  thus  see  that  both  the  deflecting  efTect  and  the  accelerating 
intluence  of  the  earth  tend  to  straighten  out  the  curve  between  longi- 
tudes 90°  and  270°,  and  the  former  tends  to  straighten  it  in  the  other 
half  of  its  course,  as  may  be  seen  by  inspection  of  Fig.  4.  We  also 
see  that  the  mass  of  the  earth  is  quite  sulTicicnt  to  accom])lish  this 
straightening  process,  provided  the  aj^helion  distance  of  the  meteors 
is  not  too  great.  The  duration  of  the  shower  will  of  course  depend 
on  the  breadth  of  the  stream,  which  in  turn  dejjends  on  the  variation 
in  the  eccentricity  and  mean  semi-diameter  of  the  orbits  of  its  com- 
ponents. 

Although  it  is  true  that  the  earth  is  quite  capable  of  straightening 
out  the  curve,  or  even  of  reversing  the  direction  of  its  curvature, 
there  is  no  evident  reason  why  it  should  leave  it  exactly  straight,  as 
should  be  the  case  if  the  longitude  of  the  radiant  was  invariable. 
However,  the  observations  are  admittedly  not  very  exact  when  the 
meteors  are  scarce.  ^Ir.  Denning  states  [Monthly  Notices,  38,  m, 
1878) :  "that  a  radiant  of  a  feeble  system  can  seldom  be  relied  upon, 
except  in  special  cases,  to  within  five  or  s.even  degrees."  When  the 
meteors  are  more  frequent  the  accuracy  is  much  greater.  In  the 
Monthly  Xotices,  45,  102-105,  1884,  he  gives  a  series  of  tables  of 
his  own,  and  of  others'  observations,  for  six  different  meteoric  streams 
which  he  considers  to  exhibit  stationary  radiants.  Observations  by  a 
single  experienced  observer  are  naturally  more  accordant  than  those 
made  by  a  group  of  different  persons.  But  even  in  his  own  case  the 
monthly  means  have  a  range  of  three  or  four  degrees  in  right  ascen- 
sion, although  in  declination  they  are  appreciably  more  accurate. 
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It  therefore  appears  that  the  observations  do  not  require  that  the 
line  in  Fig.  3  should  be  made  exactly  straight  and  horizontal. 

There  now  only  remains  the  general  case  of  a  meteoric  stream 
inclined  at  a  small  angle  to  the  plane  of  the  ecliptic.  Under  favoring 
conditions  there  is  no  reason  why  the  ascending  nodes  of  the  orbits 
composing  some  of  the  streams  should  not  be  distributed  throughout 
the  whole  360°  of  longitude.  The  conditions  may  then  be  represented 
by  a  series  of  prolate  ellipsoids  with  a  common  major  axis,  the  meteors 
proceeding  from  pole  to  pole  over  their  surfaces  and  moving  in  differ- 
ent directions.  This  would  create  no  confusion,  however,  for  those 
meteors  moving  in  one  direction  would  have  one  radiant,  and  those 
moving  in  the  opposite  direction  would  have  another.  It  would  thus 
be  possible  for  meteors  from  a  single  svrarm  to  move  from  north  to 
south  throughout  the  year. 

It  is  not  likely,  however,  that  any  stream  persists  continuously 
for  many  months.  It  is  obvious  that  geometrical  dit^culties  would 
arise  in  such  a  case.  But  there  seems  to  be  no  reason  why  a  stream 
should  not  persist  for  several  weeks  from  approximately  the  same 
radiant,  and  then  cease,  and  reappear  in  the  same  place,  or  near  it,  a 
few  months  later.  Such,  in  fact,  appears  to  be  the  case  with  most  of 
the  stationary  radiants  that  Mr.  Denning  has  described.  It  therefore 
appears  that  the  general  principle  of  radiants,  at  least  approximately 
stationary,  for  certain  intervals  of  time,  far  from  being  "  incredible 
and  unaccountable"  with  our  ]:)resent  knowledge  of  meteoric  orbits, 
is  exactly  what  this  very  knowledge  would  lead  us  to  expect. 

Let  us  now  see  what  further  evidence  we  have  for  associating 
the  meteors  from  stationary  ridiants,  that  is  to  say,  the  majority  of 
meteors,  exclusive  of  the  Perseids  and  Leonids,  with  the  planet  Jupi- 
ter. It  is  a  well-known  fact  that  the  perihelion  of  the  comets  belong- 
ing to  Jupiter's  family  are  very  irregularly  distributed  in  longitude. 
More  than  half  of  them,  or  17  out  of  33,  lie  within  an  arc  of  79°  or 
between  longitudes  334°  and  53°.  Their  mean  longitude  is  therefore 
i3?5.  It  is  a'so  a  fact  of  common  knowledge,  even  omitting  the 
brilliant  showers  of  the  Perseids,  Leonids,  and  .Vndromcdids,  that 
the  great  majority  of  our  meteors  are  seen  between  the  middle  of  July 
and  the  middle  of  December.  Denning  states  that  meteors  are  about 
twice  as  frequent  during  this  j)ortion  of  the  year  as  at  other  times. 
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Xow  the  hcliocL'nlric  longitude  of  the  earth  in  mid-July  is  293°  and 
at  mid  Dtrcmher  84°,  mean  value  S?5.  It  therefore  aj)|)ears  that 
we  encounter  the  greatest  numhir  of  meteors  when  the  earth  is 
passing  those  lonj^itudes  where  the  jjeriheha  of  the  comets  of  Jupilcr's 
family  are  most  thickly  distributed.  The  mean  j)erihelion  distance 
of  these  17  orbits  is  i  .35,  so  that  in  these  lonj^itudes  their  orbits  and 
that  of  the  eartii  most  nearly  ai)i)roach  tanj^ency.  The  cometary 
orbits  attached  to  the  i)lanets  lyint;  beyond  Jupiter  lie  at  all  inclina- 
tions, and  the  lonj^itutle  of  the  maximum  density  of  their  jierihelia 
is  about  60°,  so  that  we  find  no  evidence  of  connection  between  these 
comets  and  the  meteor  swarms  possessing  stationary  radiants. 

If  in  Fiij.  4  we  consider  P  to  lie  in  longitude  i3?5,  the  mean  longi- 
tude of  perihelion  of  Jupilir\s  comets,  then,  from  what  we  have 
already  seen,  we  might  expect  tiie  radiants  of  their  associated  meteors 
to  lie  in  longitude  283? 5,  or  90°  preceding.  This  would  undoubtedly 
be  the  case  if  we  could  see  all  the  meteors  that  fell  during  the  whole 
twenty-four  hours,  and  also  if  the  perihelion  distance  of  Jupiter's 
comets  was  unity.  Since  neither  of  these  is  the  case,  however,  both 
of  these  causes  tend  to  increase  the  longitude  of  the  rarliant.  Further- 
more, in  the  early  morning  hours  we  encounter  other  meteors  traveling 
both  faster  and  slower  than  ourselves,  while  in  the  evening  hours  we 
encounter  only  those  that  are  traveling  faster.  The  greater  number 
of  meteors  seen  in  the  morning  in  this  case  is  due  to  the  fact  that  all 
meteoric  streams  do  not  have  their  perihelia  in  the  longitude  of  P; 
moreover  some  of  their  orbits  are  highly  inclined,  and  others  retro- 
grade. As  a  result  of  these  various  facts  the  longitude  of  the  mean 
radiant  is  advanced  over  90°,  so  that  the  greatest  number  of  meteoric 
radiants  lies  between  the  longitudes  of  0°  and  60°,  mean  30°,  as 
shown  by  Denning  in  his  catalogue. 

An  examination  of  the  lower  curves  in  Fig.  3  shows  that  those 
meteors  moving  with  cometary  velocities  and  indicated  by  circles 
would  encounter  the  earth'  at  perihelion,  longitude  180°,  with  a 
velocity  of  not  less  than  about  0.3  that  of  the  earth  in  its  orbit,  of  5. 5 
miles  (9  km)  per  second.  Xow  there  are  many  very  slowly  moving 
lireballs,  so  called,  that  even  at  great  altitudes  obviously  move  at 
much  slower  rates  of  speed.  There  are  also  some  very  rapidly  mov- 
ing fireballs,  such  as  those  associated  with  the  Leonids,  for  instance. 
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Among  fainter  objects,  however,  it  is  a  curious  fact  that  those  moving 
slowly  through  long  arcs  are  not  often  noticed. 

These  slowly  moving  fireballs  necessarily  cannot  have  their  aphelia 
located  very  far  beyond  the  earth's  orbit.  Mr.  Denning,  on  p.  212 
of  his  ''Catalogue,"  says:  ''The  disposition  of  certain  radiants  to 
supply  fireballs  is  very  well  marked;  and  it  is  a  notable  circumstance 
that  these  fireballs  make  their  apparitions  at  a  period  when  the 
radiants  are  far  removed  from  the  apex  of  the  earth's  way,  and 
usually  placed  in  the  western  sky.  The  positions  are  nearly  all  on 
the  ecliptic."  It  would  seem  then  that  their  orbital  motion  must  be 
direct,  and  their  perihelion  distance  about  unity,  so  that  we  encounter 
them  when  they  are  overtaking  us.  Their  velocities  would  be  well 
represented  by  the  two  lower  cur\es  shown  at  the  bottom  of  Fig.  3. 
The  perihelia  of  the  fireballs  as  a  whole  are  distributed  in  longitude 
according  to  the  same  law  that  affects  Jupiter's  comets,  for  nearly 
twice  as  many  are  seen  during  the  last  half,  as  during  the  first  half  of 
the  year. 

The  comparatively  slow  speed  at  which  fireballs  often  move  is  one 
of  the  reasons  for  the  fact  stated  by  Mr.  Denning  (Monthly  Notices, 
50,  413,  1890)  that  the  average  height  at  which  they  disappear  is 
30  miles  (48  km),  while  the  ordinary  shooting  stars  disappear  at  an 
altitude  of  54  miles  (87  km).  Since  the  density  of  the  atmosphere  is 
halved  for  every  three  and  a  half  miles  that  we  ascend,  its  density 
where  the  fireballs  are  last  seen  is  128  times  as  great  as  where  the 
shooting  stars  disappear. 

We  often  see  the  statement  made  that  the  average  mas^  of  a  shoot- 
ing star  is  at  most  but  a  few  grains.  This  intrinsically  improbable 
statement  is  based  on  some  very  doubtful  assumptions  with  regard 
to  the  amount  of  energy  converted  into  light  by  a  candle,  and  the 
amount  of  energy  similarly  converted  by  a  meteor.  It  was  shown  in 
the  Annals  oj  Harvard  College  Observatory,  41.  140.  in  connection 
with  a  study  of  the  Leonid  shower  of  1897,  that  if  the  intrinsic  bril- 
liancy of  a  meteor  of  the  third  magnitude  was  about  that  of  the  incan- 
descent j>ortion  of  the  carbons  of  an  electric  arc  light,  the  meteor  itself 
must  be  6  or  7  inches  (15  or  18  cm)  in  diameter.  This  intrinsic  bril- 
liancy was  considered  a  fair  estimate  since  either  iron  or  stone  would 
volatilize  at  a  lower  temjjerature  than  the  electric  arc.      If  on  the 
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other  hand  the  meteor  weij^hed  only  one  f^rain,  its  intrinsic  brilliancy 
must  be  4000  times  that  of  the  incandescent  carbons,  or  40  times 
that  of  the  surface  of  the  sun  itself. 

Mr.  Charles  C.  Trowbridge  in  the  Astro  physical  Journal,  26,  95, 
1907,  shows  that  the  i)ersistent  train,  often  lastinj^  many  minutes, 
left  by  a  large  fireball  is  usually  a  mile  (i  .6  km)  or  more  in  diameter, 
by  ten  to  thirty  miles  in  length.  This  train  can  be  formed  only  within 
certain  limits  of  gaseous  ])ressure,  and  therefore  can  only  e.xist  at  a 
l)articular  height  in  the  atmosphere.  The  mean  height  found  is  54 
miles,  or  about  the  level  at  which  shooting  stars  disappear.  The 
material  of  these  bodies  is  therefore  mostly  exhausted  before  they  reach 
the  atmospheric  level,  suitable  for  the  production  of  such  a  luminous 
train.  If  we  consider  that  the  average  fireball  is  of  magnitude  —2, 
and  the  average  shooting  star  of  magnitude  3,  then  this  implies  that 
the  former  gives  out  loo  times  the  light,  and  has  1000  times  the  mass 
of  the  latter.  If  the  average  shooting  star  weighs  but  a  few  grains, 
it  is  ditlicult  for  us  to  believe  that  even  if  it  were  capable  of  exciting 
in  the  air  about  it  an  electric  glow  like  that  of  a  fireball,  this  glow  could 
produce  luminosity  throughout  a  volume  of  one-thousandth  part  of 
twjaty  cubic  miles  or  let  us  say  a  volume  of  air  a  mile  square  by 
lOD  feet  in  depth. 

On  the  other  hand  assuming  the  average  shooting  star  to  be  6  or  7 
inches  in  diameter,  the  average  fireball  must  measure  5  or  6  feet,  and 
be  sometimes  much  larger.  Bodies  of  these  dimensions  sometimes 
reach  the  surface  of  the  earth  and  they  may  have  been  \ery  much 
larger  still  when  at  an  altitude  of  thirty  to  fifty  miles. 

It  is  not  necessar\'  to  suppose,  however,  that  the  whole  luminous 
mass  is  solid.  The  only  photographic  spectrum  ever  secured  of  a 
flying  meteor.  Harvard  Circular,  Xo.  20,  shows  that  most  of  the  light 
came  from  Ijright  lines  in  the  spectrum,  which  incidentally  indicates 
that  the  nucleus  was  not  ver}-  intensely  incandescent.  It  can  be 
shown  mathematically  that  on  account  of  the  great  rarity  of  our  atmos- 
phere at  these  altitudes,  the  pressure  in  front  of  a  meteor  cannot 
exceed  a  few  atmospheres.  The  tremendous  quantity  of  heat  gener- 
ated by  the  blast  of  air  must  be  devoted  chiefly  to  va])orizing  the  front 
surface  of  the  meteor,  which  we  may  conceive  to  be  cut  away  when  at 
high  velocities  at  a  linear  rate  of  two  or  three  feet  per  second.     The 
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temperature  would  be  constantly  kept  down  by  the  evaporation,  so 
that  at  ordinary  pressures  it  would  be  impossible  for  a  high  incan- 
descence to  exist.  In  general  the  phenomenon  is  so  short-lived  that 
conduction  of  heat  can  play  very  little  part  in  the  process  of  destruc- 
tion. 

Harvard  College  Observatory 
March  4,  igog 


A  FURTIIKR  STUDY  OF  THK  II  WD  K  LIXRS 
OF  CALCIUM- 

Hy  ARTHUR  S.   KING 

The  electric  furnace'  in  the  Pasadena  laboratory  has  been  used  for 
additional  observations  of  the  calcium  spectrum  by  way  of  supj)le- 
mentin.n  the  writer's  former  ])ai)ers  on  this  subject.'  The  new  fea- 
tures in  the  present  investij^ation  have  been  the  use  of  higher  dispersion 
in  the  blue  and  violet,  giving  more  definite  data  concerning  the  width 
of  the  lines,  and  a  comparison  of  the  changes  in  the  spectrum  when 
the  furnace  is  operated  in  vacuum,  in  hydrogen  atmosj^here,  and  in 
air  at  atmos])heric  pressure. 

The  \ertical  Littrow  spectrograph  was  usetl  with  the  objective 
of  13  feet  (4  m)  focal  length.  The  third  order  then  gave  a  dispersion 
of  1.37  Angstrom  units  to  the  millimeter  in  the  blue,  permitting  a 
good  comparison  of  the  widening  of  the  spectrum  lines. 

When  an  atmosphere  of  hydrogen  was  used  in  the  furnace  chamber, 
the  gas  was  prepared  from  zinc  and  sulphuric  acid  and  carefully 
purified.  The  furnace  was  pumped  out  to  about  5  mm,  flushed  once 
or  twice  with  hydrogen,  and  then  filled  with  the  latter  to  atmospheric 
pressure.  The  hydrogen  was  kept  slightly  above  atmospheric  pres- 
sure during  the  operation  of  the  furnace.  It  was  found  necessary  to  use 
a  ditTerent  jacketing  material  about  the  furnace  tube  when  hydrogen 
was  employed,  as  the  carborundum  j^reviously  used,  which  gives  very 
efficient  heat  insulation,  appears  to  trap  a  certain  amount  of  air  when 
the  chamber  is  pumped  out.  This  air  is  given  off  when  the  car- 
borundum becomes  heated  and  is  at  once  removed  if  the  pump  is  in 
connection,  as  is  the  case  for  work  in  \acuum.  When  hydrogen  was 
used,  however,  the  residue  of  air  caused  small  explosions,  besides 
contaminating  the  gas.     The  change  made  was  to  use  two-inch  graph- 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  38. 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  28;  Astrophysical 
Journal,  28,  300,  190S. 

3  Astrophysical  Journal,  27,  353,  1908;  Contributions  from  the  Mount  Wilson 
Solar  Observatory,  No.  T)2;   Astrophysical  Journal,  28,  389,  1908. 
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ite  blocks  as  jacketing  material,  these  being  cut  to  size  and  placed 
vertically  side  by  side  perpendicular  to  the  furnace  tube,  a  hole  in 
each  block  allowing  space  for  the  tube.  This  jacketing  was  success- 
ful except  that  as  heat  insulation  it  proved  far  inferior  to  carborundum, 
the  heat  being  carried  away  so  rapidly  that  the  current  which  usually 
gave  nearly  3000°  C.  gave  barely  2500°.  The  temperatures  were 
suflEicient,  however,  to  compare  the  effect  of  hydrogen  with  the  other 
furnace  conditions,  runs  being  made  for  comparison  with  the  graphite 
jacketing  both  with  the  furnace  in  vacuum  and  with  air. present, 
though  the  carborundum  insulation  was  used  with  the  last  two 
arrangements  to  obtain  the  higher  temperatures. 

The  present  investigation  has  verified  in  all  essential  points  the 
conclusions  arrived  at  in  the  previous  papers,  while  the  results  with 
the  furnace  in  hydrogen  and  in  air  throw  interesting  lights  on  the 
effects  observed  in  the  vacuum  experiments.  The  use  of  hydrogen 
at  atmospheric  pressure  not  only  excludes  oxidation,  which  is  accom- 
plished well  enough  by. pumping  out  the  chamber,  but  alters  the 
rate  of  diffusion  of  the  metallic  vapor  in  the  tube  and  so  affects  the 
vapor-density.  The  loss  of  heat  by  convection  was  found  to  be  very 
considerable  with  the  hydrogen  atmosphere  and  accounts  in  large 
measure  for  differences  observed  between  these  spectra  and  those 
obtained  in  vacuum  with  the  same  current  through  the  tube. 

The  presence  of  hydrogen  in  the  furnace  is  very  favorable  to  the 
fluted  spectrum  in  the  red  referred  to  in  papers  by  Olmsted'  and  the 
writer^  and  now  being  measured  by  the  former  from  large-scale  photo- 
graphs. This  was  observed  durifig  the  present  work  both  visually 
and  by  photographs  made  with  red-sensitive  plates.  If  these  flutings 
arise  from  an  actual  compound  of  calcium  with  hydrogen,  it  would 
mean  that  hydrogen  introduces  a  chemical  action  of  its  own.  The 
rormation  of  the  compound,  however,  is  by  no  means  certain. 

To  use  the  furnace  in  air,  one  of  the  outlet  pipes  was  usually  left 
open.  As  was  to  be  expected,  a  lively  combustion  took  place  in  the 
tube  when  air  was  present,  although  the  tube  itself  was  consumed  but 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  21;  Astrophysical 
Journal,  27,  66,  1908. 

'  Contributions  from  the  Mount  Wilson  Observatory,  Xo.  35;  Astrophysical  Journal, 
29,  190,  1909. 
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slowly  and  would  last  for  several  runs,  there  bcin^  no  active  circula- 
tion of  air.  There  should  have  been  more  convection  of  heat  than 
when  hydroj^en  was  used,  hut  the  oxidation  more  than  l)alanced  this 
loss,  and  brilliant  sj)ectra  were  oljtained.  .\l  the  hij^her  temperatures 
the  continuous  <;round  soon  became  strong  enouj^h  to  give  all  lines  in 
absorption.  The  assumj)tion  in  the  former  j)apers,  that  the  continu- 
ous spectrum  from  the  furnace  is  |)roduced  through  the  reflection  of 
light  from  the  white-hot  walls  of  the  tube  by  the  susj)cnded  i)articles 
of  vapor.  a])])ears  to  l)e  correct;  as  when  air  was  j)resent  and  a  high 
current  was  thrown  on  the  tube,  a  series  of  cxj)osures,  each  lasting  a 
few  seconds,  showed  that  the  mass  of  vapor  which  quickly  arose  gave 
a  strong  continuous  sj)ectrum  in  the  earliest  stages,  while  the  bands 
were  developing  and  before  any  lines  appeared.  With  the  furnace 
tube  in  vacuum  or  in  hydrogen  a  large  (juantity  of  calcium  in  the  tube 
as  well  as  a  high  temperature  was  required  to  give  the  lines  in  absorp- 
tion. With  the  tube  in  air,  the  vigorous  oxidation  gave  this  condition 
with  a  very  moderate  supply  of  calcium. 

At  least  two  runs  of  the  furnace  were  made  under  each  set  of 
conditions,  to  eliminate  effects  of  any  irregularities  in  the  action  of 
the  a])paratus.  Toward  the  end  of  the  experiments  a  high-reading 
ammeter  was  installed,  so  that  for  some  of  the  photographs  the 
corresponding  currents  through  the  tube  were  measured.  Pyrometer 
readings  were  frequently  taken  by  sighting  the  instrument  on  as 
much  of  the  wall  of  the  tube  as  the  small  aperture  of  the  furnace 
window  permitted  to  be  seen.  These  readings  should  give  values 
close  to  the  correct  temperatures. 

Plate  XXII  gives  a  series  of  third-order  spectra  for  different 
temperatures  and  under  the  three  conditions  used  during  this  work. 
A  large  portion  of  the  spectrum  between  H  and  X  4227  is  omitted 
from  the  plate.  A  number  of  other  photographs  were  taken,  not 
always  favorable  for  reproduction,  which  gave  good  comparisons  of 
special  conditions  and  will  be  referred  to  in  the  discussion. 

Furnace  in  vacuum. — The  experiments  with  the  furnace  in  vacuum 
were  carried  far  enough  to  show  that  the  higher  dispersion  fully 
confirms  the  conclusion  of  the  former  paper  that  H  and  K  do  not 
appear  much  below  2500°  C.  (perhaps  2400°  is  a  better  limit),  that 
they  are  strengthened  by  higher  temperatures  but  widen  very  slowly 
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within  the  range  of  temperature  given  by  the  furnace;  while  A  4227 
appears  at  low  temperature  and  depends  for  its  width  almost  entirely  on 
the  amount  of  vapor  present.  Plate  XXII  gives  first  an  arc  spectrum 
jor  the  identihcation  of  the  furnace  lines.  Furnace  spectrum  No.  i 
is  at  about  the  limit  of  visibility  of  H  and  K  as  regards  temperature 
but  is  made  fairly  strong  through  long  exposure  (30  minutes).  The 
amount  of  calcium  in  the  tube  was  small  for  both  this  and  Xo.  2.  A 
higher  temperature  gave  Xo.  2,  which  was  obtained  with  two  minutes' 
exposure.  The  continuous  ground  is  rather  strong,  but  both  tem- 
perature and  vapor-density  were  low  enough  to  prevent  the  spectrum 
passing  into  absorption.  The  relative  strength  of  H  and  K  in  No.  2 
compared  to  the  group  of  arc  lines  near  X  4300  is  to  be  noted  in  con- 
nection with  results  under  other  furnace  conditions. 

Furnace  in  a/r.— The  use  of  air  in  the  furnace  chamber  gave  a 
very  vigorous  combustion  and,  if  much  calcium  was  present,  a  strong 
continuous  spectrum.  The  image  of  the  interior  of  the  tube  appeared 
brilliant  white  on  the  slit  when  a  high  temperature  was  employed. 
All  lines  and  the  cyanogen  bands  then  appeared  in  absorption.  Nos.  3, 
4,  5,  6,  and  7  of  Plate  XXII  show  different  conditions  of  the  spectrum 
with  air  present.  X"o.  6  is  typical  of  the  high  temperature  condition 
(2800°  to  2900°  C.)  with  strong  va])orization.  This  condition  was 
photographed  several  times  during  different  runs  of  the  furnace. 
The  width  of  /  4227  could  be  made  greater  with  more  calcium  present 
and  of  course  appeared  greater  if  the  exposure  were  so  timed  as  to 
give  a  weaker  continuous  ground.  This  state  is  shown  in  X'o.  7, 
taken  during  another  run,  the  continuous  ground  being  weaker  and 
the  reversed  lines  wider.  This  was  taken  at  an  earlier  stage  of  the 
run,  when  the  amount  of  vapor  was  probably  greater  than  for  No.  6, 
the  temperature  being  about  the  same  (accurate  pyrometer  measure- 
ments were  difftcult  during  these  short  exposures).  X"o.  5  was  taken 
at  lower  temperature  than  either  Nos.  6  or  7. 

Nos.  3  and  4  represent  lower  temperature  conditions  with  air 
j^resent,  the  spectrum  then  showing  bright  lines.  No.  3  was  taken 
after  No.  6  with  an  exposure  twenty  times  as  long  as  for  the  latter. 
The  temperature  for  No.  4  was  intermediate  between  Nos.  3  and  6, 
measuring  about  2600°  C.  The  amount  of  calcium  was  small  for  No. 
4,  the  furnace  ha\ing  Ijeen  used  for  a  run  the  day  before,  and  was 
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now  heated  without  renewin}^  the  su|j|)ly  of  calcium.  The  strength  of 
the  cyanogen  bands  in  No,  4  is  doubtless  due  to  the  tube  being  worn 
thin  in  jjarls,  as  it  was  now  used  for  the  sixth  successive  run. 

It  is  evident  thai  H  and  K  lan  bi-  decidedly  strengthened  both  in 
emission  and  absorption  by  increasing  the  temperature,  esj)ecially 
when  assisted  by  the  strong  chemical  action  given  when  air  is  |)resent. 
As  to  how  much  they  dei)cnd  ujjon  temjjerature  can  best  be  seen  by 
comj)aring  them  with  the  group  of  arc  lines  from  /  4283  to  A  4319. 
These  lines  remain  fairly  narrow  and  change  but  slowly  with  increase 
of  temperature.  Taking  emission  spectra,  a  com])arison  of  Xos.  3  and 
4  shows  (he  K  line  somewhat  weaker  than  /4JS3  in  the  low-tempera- 
ture spectrum,  while  at  high  temperature  K  is  decidedly  the  stronger. 
The  same  kind  of  plate  (Seed's  "27")  was  used  for  all  of  these  photo- 
graphs. E.xactly  the  same  relation  is  found  for  the  lines  in  absorjjtion 
by  comparing  the  low-temperature  absorption  si)eclrum  Xo.  5  with 
either  X^o.  6  or  X'o.  7.  It  is  j)lain  that  H  and  K  strengthen  much  more 
rapidly  with  increasing  temperature  than  the  average  arc  line.  A 
comparison  of  Xos.  i  and  2  shows  the  same  relation  for  the  furnace 
in  vacuum. 

Furnace  in  hydrogen. — The  use  of  hydrogen  in  the  furnace  gave 
results  which  at  first  seemed  to  indicate  that  the  presence  of  this  gas 
suppressed  the  H  and  K  lines.  They  were  scarcely  visible  with  the 
same  currents  through  the  tube  which  gave  them  very  strong  in  vacuum 
and  in  air.  Further  investigation  showed,  however,  that  this  effect 
was  in  all  probability  du€  solely  to  a  lower  temperature  produced  by 
the  con\ection  of  the  hydrogen  at  atmospheric  pressure,  combined 
with  the  absence  of  oxidation.  Three  runs  of  the  furnace  were  made 
with  vacuum,  hydrogen,  and  air  successively  in  the  chamber,  the 
graphite  jacketing  being  used  and  all  conditions  of  operation  made 
the  same  as  nearly  as  possible.  Pyrometer  measurements  showed 
that  for  corresponding  stages  in  the  different  runs  the  temperatures 
were  nearly  the  same  for  vacuum  and  for  air,  while  for  hydrogen  they 
registered  150°  to  200°  lower.  Another  test  was  made  by  taking  a 
photograph  with  hydrogen  at  atmospheric  pressure,  the  temperature 
being  high  enough  to  give  H  and  K  distinct  though  weak.  This  pho- 
tograph is  reproduced  in  X^o.  8  of  Plate  XXII.  The  furnace  was  then 
pumped  out  and  fresh  hydrogen  admitted  to  about  3  cm  pressure, 


386  ARTHUR  S.  KIXG 

after  which  Xo.  9  was  taken  with  exposure  time  and  other  conditions 
as  nearly  the  same  as  possible.  H  and  K  show  nearly  as  strong  as 
would  be  expected  in  \acuum  under  the  same  conditions.  The 
rapid  change  of  H  and  K  with  temperature  as  compared  to  the  arc 
lines  near  A  4300  is  very  clearly  brought  out  in  these  two  photographs, 
H  and  K  being  very  much  weaker  than  the  arc  lines  in  No.  8,  while 
in  Xo.  9  they  are  stronger  than  the  strongest  of  the  /  4300  group. 
The  effect  on  A  4227  of  change  of  vapor-density  is  very  decided  in 
X"os.  8  and  9.  The  temperature  for  X^o.  9  was  considerably  higher, 
but  the  furnace  had  partially  cooled  during  the  changing  of  the  gas 
and  the  supply  of  calcium  was  doubtless  much  less  than  for  No.  8. 
Two  other  photographs,  not  reproduced,  give  the  same  effect  as  Nos. 
8  and  9  for  a  smaller  temperature  interval. 

Dependence  of  /  422J  on  vapor-density. — All  of  the  photographs 
support  the  view  that  the  intensity  of  A  4227  is  governed  by  the  supply 
of  calcium  vapor.  Visual  observations  also  were  very  convincing. 
The  spectrum  was  usually  closely  watched  during  the  exposures  by 
means  of  a  direct-vision  spectroscope  of  considerable  dispersion.  At 
the  beginning  of  a  run,  with  fresh  calcium  in  the  tube,  X  4227  was 
broadly  reversed  at  moderate  temperatures.  It  became  narrower 
as  time  went  on,  and  after  a  while  the  use  of  a  much  higher  tempera- 
ture would  not  widen  the  line  appreciably.  The  widening  of  a  line 
of  this  character  refers  to  the  total  width,  not  to  the  width  of  the 
reversal,  the  latter  depending  upon  the  distribution  of  heated  vapor 
between  the  middle  and  ends  of  the  tube. 

H  and  K  in  the  arc  and  spark. — It  may  supplement  the  furnace 
results  to  consider  the  effects  upon  the  H  and  K  lines  of  conditions 
which  are  perhaps  the  most  pronounced  in  their  ability  to  alter  the 
spectra  of  the  arc  and  spark  respectively.  These  are  the  change 
from  the  core  to  the  outer  layers  or  "flame"  of  the  arc,  and  the  use 
of  self-induction  with  the  condensed  spark.  The  changes  brought 
about  by  these  influences  are  well  illustrated  by  Plate  XXIII.  Nos.  i 
and  2  are  enlargements  of  jjrismatic  sjjcctra  of  the  core  and  flame 
of  the  arc  which  were  |)hotographed  by  Dr.  Olmsted  in  the  Mount 
Wilson  laboratory.  The  si)ectrograj)h  was  a  Fuess  instrument 
which  gave  very  bright  spectra,  j)ermitting  short  exposures,  one-half 
second  being  used  for  the  core  and  15  seconds  for  the  flame.     A  num- 
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ber  of  typical  arc  lines,  such  as  the  4300  f^'roup  and  the  series  trijilets 
at  /  3624-44  ami  /  442^)-55,  are  of  nearly  the  siime  intensity  in  the 
two  spectra.  H  and  K  are  very  much  stronger  in  the  si)eclrum  from 
the  core  of  the  arc. 

Xos.  3  and  4  of  Plate  XXI II  arc  enlarj^a-d  from  a  i)()rti()n  of  the 
spark  si)ectrum  of  calcium  photoL^rajjlK-d  by  the  writer  with  a  one-meter 
concave  grating  in  the  I'nivcrsity  of  Bonn  and  discussed  in  a  i)aper' 
published  at  that  time.  Xo.  3  was  taken  with  the  strongly  condensed 
spark  and  Xo.  4  with  self-induction  in  circuit.  The  relative  .strength- 
ening of  H  and  K  as  comjiared  to  the  arc  lines  by  the  stronger  di.scharge 
conditions  is  very  decided.  The  enhancement  of  the  pair  of  "spark 
lines"  at  //  3700,  3737  is  still  greater  than  for  H  and  K. 

Discussion. — A  line  of  reasoning  which  can  perhaps  be  developcfl 
into  a  working  hypothesis  seems  to  follow  from  the  fact  distinctly 
brought  out  by  the  furnace  experiments,  that  the  H  and  K  lines  show 
a  very  definite  behavior  when  compared  with  representative  arc 
lines,  such  as  the  group  near  /  4300  and  the  series  triplet  at  /  4426-55 
(shown  on  the  plate  with  the  prexious  paper^).  These  arc  lines  are 
of  fair  strength  at  a  temperature  just  high  enough  for  H  and  K  to 
become  visible.  As  the  temperature  rises,  H  and  K  increase  in  inten- 
sity (though  without  decided  widening)  much  faster  than  do  the  arc 
lines,  surpassing  at  the  higher  furnace  temperatures  the  strongest  lines 
of  the  /  4300  group  (see  X'o.  4  of  Plate  XXII).  If  this  rate  of  increase 
is  maintained  at  higher  temperatures,  the  strength  of  H  and  K  in 
the  arc  may  easily  follow.  Although,  as  was  remarked  in  the  former 
paper,  the  difference  between  their  intensities  in  the  arc  and  furnace 
seems  \'ery  large  to  be  caused  by  the  four  or  five  hundred  degrees' 
difference  in  the  measured  temperatures  of  the  furnace  and  the  posi- 
tive terminal  of  the  arc,  we  do  not  know  even  approximately  the 
temperature  which  would  correspond  to  the  strength  of  the  energizing 
influence  in  the  arc  which  gives  the  light-vibration.  To  account  on 
this  hypothesis  for  the  strong  broadening  of  H  and  K  when  a  large 
amount  of  calcium  is  used  in  the  arc,  we  should  have  to  assume 
that  this  increases  the  combined  electrical  and  chemical  action  of  the 

'  Astrophysical  Journal,  19,  225,  1904. 

'  CotUrihutions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  32;  Astrophysical 
Journal,  28,  389,  1908. 
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arc  in  a  way  that  corresponds  to  higher  temperature.  The  rapid 
increase  of  H  and  K  when  the  furnace  is  operated  in  air  shows  to  some 
extent  how  this  may  come  about.  It  is  then  unnecessary  to  assume 
a  dependence  of  H  and  K  upon  vapor-density,  which  in  the  furnace 
does  not  seem  to  hold.  It  is  to  be  noted  that  the  widening  in  the  arc 
is  a  rapid  shading-olT  from  a  strong  central  maximum,  the  intensity- 
curves  for  these  lines  being  very  different  from  that  for  /  4227.  In 
both  arc  and  spark  the  spectra  in  Plate  XXIII  show  that  the  relative 
intensity  of  H  and  K  increases  rapidly  with  the  strength  of  the  dis- 
charge conditions  and  thus  with  the  "electrical  temperature." 

H  and  K  have  long  been  regarded  as  having  to  some  extent  the 
character  of  "spark  lines,"  but  the  i)resent  work  helps  to  bring  out 
their  relation  to  such  typical  "spark  lines"  as  A  4481  of  magnesium, 
^^'  5339'  5379  of  cadmium,  and  //  4912,  4925  of  zinc.  The  H  and  K 
lines  show  the  same  ready  response  as  these  lines  to  changing  condi- 
tions in  the  source,  but  the  range  of  temperature  for  their  production 
extends  much  lower. 

It  seems  reasonable  to  suppose  that  temperature,  if  forced  suffi- 
ciently high,  could  supply  the  energy  to  produce  those  conditions  of 
the  spectrum  which  can  be  given,  in  terrestrial  sources,  only  by  the 
electric  discharge.  It  may  then  be  possible  to  select  a  list  of  lines 
whose  strength,  relative  to  other  lines,  will  serve  in  some  measure  to 
indicate  the  tem])crature  corresponding  to  the  radiating  energy  of  any 
light-source,  which  often,  as  in  the  llamc  and  electrical  sources,  would 
not  agree  with  any  thermal  measurements  to  be  made  with  our  present 
instruments.  H  and  K  would  have  their  place  in  such  a  list  as  being 
lines  which  first  appear  when  the  average  arc  lines  have  reached  a 
considerable  intensity  and  are  changing  slowly  with  increased  tem- 
perature. Having  once  appeared,  H  and  K  are  apparently  very 
sensitive  through  a  long  range  of  temperature  and  are  reinforced  for 
this  purpose  later  by  the  group  of  typical  ''  spark  lines,"  some  of  which 
require  less  energy  of  discharge  for  their  production  than  others. 

A  comparison  with  solar  phenomena  is  of  interest  in  this  connec- 
tion. If  the  sensitiveness  of  H  and  K  to  increased  temperature  con- 
tinues at  the  solar  temperatures,  this  would  seem  to  be  responsible 
in  large  measure  for  the  great  width  of  these  lines  in  the  spectrum  of 
the  body  of  the  sun,  their  weaker  condition  in  sun-s])ots,  and  their 
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apj)carancc  at  hi^h  lc\cls  in  iiroiiiiiu'nccs,  where  the  rarity  of  the  vapor 
should  not  greatly  alTect  their  intensity  if  the  temperature  is  hii^h. 
Passing;  to  stellar  sj)ectra,  it  may  be  said  in  "general  that  H  and  K 
are  slroni^  in  the  spectra  of  those  stars  which  show  strong  "spark 
hnes."  These  arc  the  hotter  stars  if  the  "spark  lines"  furnish  a  valid 
basis  of  temj)erature  classification.  If  their  increase  in  intensity  in 
some  cases  does  not  seem  to  l)e  the  same  as  for  other  "enhanced  lines," 
the  possibility  remains  that  11  and  K  may  lose  their  sensitiveness  to 
some  extent  at  extremely  hi;^h  temperatures,  in  the  same  way  that  we 
have  seen  arc  lines  lose  their  ready  resj^onse  much  lower  down. 

Mount  Wilson  Solar  Observatory 
.\pril   I  JO.) 
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